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ABSTRACT 
ERIN NICOLE WORTHINGTON: Genetic and Biochemical Analysis of 
Prokaryotic Members from the Photolyase/Cryptochrome Family 
(Under the direction of Dr. Aziz Sancar) 
 
Photolyase and cryptochrome comprise a family of structurally related blue-
light photoreceptors. Photolyase repairs UV damaged DNA and cryptochromes 
mediate a variety of growth and adaptive responses. In this study, three genes, phr, 
cry1, and cry2, belonging to the photolyase/cryptochrome blue-light photoreceptor 
family in the V. cholerae genome were biochemically and genetically characterized. 
All three proteins contained the folate and flavin cofactors. One of these proteins, 
VcPhr, was found to be a CPD photolyase belonging the Class I photolyases. 
VcCry1 was found to have a small amount of CPD photolyase activity and belongs 
to the DASH subfamily. VcCry2 belongs to the DASH-related subfamily. Additionally, 
I present evidence of a new class of CPD photolyases, Class III photolyases. I have 
also performed a thorough phylogenetic analysis of the superfamily and have 
identified conserved motifs unique to individual subclasses and the tertiary location 
of the conserved regions. I have proposed reclassifying DASH cryptochromes as a 
novel class of photolyases. Also, presented is the homo- and heterodimerization of 
vertebrate cryptochromes. Additionally the ancient origins of vertebrate-like 
cryptochromes were traced back to over one billion years ago. 
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CHAPTER 1
Photolyase/Cryptochrome Blue-Light Photoreceptor 
Family 
 
1. Introduction 
The blue-light sensing photolyase/cryptochrome superfamily is found 
throughout all kingdoms of life; members of this family are a structurally related 
group of flavoproteins involved in ultraviolet (UV) damaged DNA repair and 
phototransduction. Superfamily members are 50-70 kDa proteins which contain two 
noncovalently bound cofactors. Flavin adenine dinucleotide (FAD) is the catalytically 
active chromophore. The second chromophore, often called the photoantenna, is 
either a pterin in the form of 5,10-methenyltetrahydrofolate (MTHF) or, in very rare 
cases, a deazaflavin in the form of 8-hydroxy-7,8-didemethyl-5-deazariboflavin (8-
HDF). Photolyases repair UV induced DNA lesions, whereas, cryptochromes have 
sequence homology to photolyase but no DNA repair capability (Sancar 2003).  
These proteins share structural similarities and chromophore binding and may share 
similar reaction mechanisms. One notable structural difference between photolyases 
and cryptochromes is a c-terminal tail extension which most cryptochrome possess 
in varying lengths and are involved with signaling, protein stability, and protein 
interactions in different organisms (Busza et al. 2004; Yang et al. 2000). 
Proteins from the photolyase/cryptochrome superfamily can be broadly 
categorized into two classes: photolyases and cryptochromes. Each of these general 
classifications can be further narrowed, based on function and sequence homology. 
 
2. Photolyase/Cryptochrome Family Classifications 
2.1. Photolyase  
Far UV (200-300 nm) light damages DNA and results in growth delay, 
mutagenesis, and killing of the organism. (Cashmore et al. 1999; Sancar 2003; Todo 
1999). Photolyases evolved to act as a defense mechanism against UV irradiation 
by repairing UV photoproducts in DNA by a process called photoreactivation. 
Photoreactivation is the photolyase mediated reversal of the damaging effects of far 
UV (200-300 nm) light on DNA by exposure to near UV (350-450 nm) blue-light. 
Cyclobutane pyrimidine dimers (Pyr< >Pyr) and Pyrimidine-pyrimidone (6-4) 
photoproducts (Pyr [6-4]Pyr) are the two predominate photoproducts caused by far 
UV and constitute approximately 80-90% and 20-10% of total photoproducts, 
respectively. CPD and (6-4) photoproducts can only be repaired by the cognate 
photolyase.  
The two types of photolyases, CPD photolyases and (6-4) photolyases, are 
characterized by the photoproduct substrate they repair:  CPD photolyases (often 
called photolyase) are found in a wide variety of organisms and can be further 
divided into two classes based on their sequence similarity: Class I and Class II. 
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Class I photolyases are found primarily in bacteria with a few archeabacteria and 
fungus. Class II photolyases are found in archeabacteria, viruses, plants, insects 
and nonplacental mammals. The primary sequence of class II photolyases are not 
only highly divergent from class I photolyases, but from the protein family as a 
whole. (6-4) photolyase has only been found in eukaryotes, such as, plants, insects, 
and some vertebrates. Photolyases share between 15% - 70% sequence identity 
within all the subfamilies and the region of primary sequence which contains the 
highest degree of homology is found in the c-terminal 150 amino acids which 
encompasses the FAD binding region (Deisenhofer 2000; Sancar 2000b; Todo 
1999). 
 
2.2 Cryptochrome 
Cryptochrome members of this protein family have primary sequence 
homology and structural homology to photolyase; but they do not retain the ability to 
repair DNA and can be classified into four subfamilies: plant, insect, vertebrate, and 
DASH. 
These members are known to be blue-light photoreceptors or are presumed 
to be. A unique structural feature of most eukaryotic cryptochromes is a c-terminal 
tail, ranging from 30 aa to 350 aa, extending from the photolyase-homology (PHR) 
domain (Todo 1999). Photolyases and prokaryotic cryptochromes do not have c-
terminal tails. Additionally, the sequence of the cryptochrome c-terminal tail (CCT) is 
not conserved between different cryptochrome subfamilies. Plant cryptochromes 
mediate certain growth and photomorphogenic responses in response to blue-light 
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(Lin and Shalitin 2003). Insect cryptochromes are known to act as a photoreceptor 
regulating entrainment of the circadian cycles (Ashmore and Sehgal 2003). In 
vertebrates, there is limited amount of data that cryptochrome acts as a 
photoreceptor, however, cryptochromes are known to have a light-independent role 
in the molecular clock (Sancar 2004). Recently, bacterial cryptochrome was 
discovered in Synechocystis and a new subgroup was created and named 
Drosphila-Arabidopsis-Synechocytis-Human (DASH) cryptochromes (Brudler et al. 
2003; Daiyasu et al. 2004). Cry-DASH members do not fit the traditional definition of 
a cryptochrome because they are found to retain a very small amount of DNA repair 
activity. The small amount of photolyase activity was thought to be residual 
photorepair so this subfamily was classified as cryptochromes. Since the discovery 
of the Synechocytis Cry-DASH, others DASH members have been discovered 
(Hitomi et al. 2000; Worthington et al. 2003). Members of this small subgroup have 
been found in both prokaryotes and eukaryotes, however, their function still is not 
known. 
 
3. Photolyase/Cryptochrome Spectral Properties 
The two chromophores, flavin and pterin, can have an effect on binding, 
catalysis, and reaction rates; in addition they define the spectral properties of the 
photolyase/cryptochrome family. The FAD cofactor is necessary in photolyase for 
both binding to damaged DNA and catalysis. Whereas, the pterin photoantenna is 
not necessary for catalysis, but in light limiting conditions it can increase the rate of 
repair 10-100 fold (Sancar 2003). 
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Flavin is one of the most common cofactors in nature, found in approximately 
150 different enzymes, which display a wide variety of different functions. It is 
typically found in the form of flavin mononucleotide (FMN) or flavin adenine 
dinucleotide (FAD) and bound noncovalently (Ames et al. 2002). Flavin can be 
reduced by either a single electron or by two electrons, resulting in the ability to 
catalyze both free radical chemistry and two-electron chemistry (Bornemann 2002). 
In photolyase flavin is found in three forms: oxidized, one-electron reduced, and two-
electron reduced (Jorns et al. 1984; Malhotra et al. 1995; Payne et al. 1987). The 
catalytically active form of flavin found in photolyase is the two-electron reduced 
form, FADH- (Payne et al. 1987). Flavin in the one-electron reduced form is the 
neutral blue-radical form and the two-electron reduced form is the neutral or anionic 
form. FAD, within the organism, is synthesized in the oxidized form and is then 
incorporated into the protein. It is after incorporation into the protein that FAD is 
converted into the two-electron reduced form. Presently, the mechanism by which 
flavin is reduced in vivo is unknown. 
Flavin can be found in photolyase in vivo in its active two electron reduced 
state; however, when purified, it readily oxidizes (Payne et al. 1987), yielding the 
flavin neutral radical (FADHo) or FADHox. The oxidized enzyme must then be 
activated by photoreduction or chemical reduction of FADHo or FADHox  in vitro to 
the two electron reduced state, FADH- (Heelis et al. 1987; Heelis and Sancar 1986; 
Jorns et al. 1987b; Payne et al. 1987; Payne and Sancar 1990). 
 The most extensive spectra studies from the photolyase/cryptochrome family 
have been done with photolyase. The typical absorbance of profile of native 
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photolyase is dominated by the contribution of folate with a small contribution from 
FAD. In free solution, folate absorbs around 360nm, however, upon binding to the 
apoenzyme protein, interactions cause a red shift resulting in an λmax at a longer 
wavelength. This frequency shift causes the absorption maximum to range from 377 
nm for S. cerevisiae photolyase to 415 nm for B. firmus photolyase (Eker et al. 1994; 
Malhotra et al. 1994; Sancar et al. 1987b). It is often necessary to denature the 
protein and quench the MTFH to determine the contribution or presence of flavin.  
FADHo has characteristic absorption peaks at 480, 580, and 625 nm and FADHox 
has characteristic absorption peaks at 370 and 440 nm(Jorns et al. 1984; Sancar 
2003; Sancar 1987). Free deazaflavin has an absorption maximum of 420 nm and 
upon binding to the protein a red shift results in an absorption maximum of 440 nm 
(Eker et al. 1981; Eker 1988; Malhotra et al. 1994; Yasui et al. 1988). 
 
4. Photolyase/Cryptochrome Family Structures 
Crystal structures of three photolyases have been solved from E. coli (Park et 
al. 1995), A. nidulans (Tamada et al. 1997), and T. thermophilus(Komori et al. 2001). 
With the second chromphore being folate for E. coli and deazaflavin for A. nidulans 
and T. thermophilus. These photolyase structures consist of two domains: an N-
terminal α/β domain and a C-terminal helical domain. Both domains are connected 
by a long interdomain loop. The α/β domain assumes a fold which is characteristic of 
a dinucleotide binding domain. The α/β domain consists of a β sheet with five 
parallel binding strands and 5 α-helices. The helical domain contains 14 helices 
which create a surface with a flat face with a hole in the center leading to the FAD 
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binding site. FAD is held tightly in place through contact with 14 amino acids, most of 
which are conserved in the photolyase/cryptochrome family. The two domains are 
held together predominately by polar interactions. A shallow groove is formed 
between the two domains and this forms the binding site for the second 
chromophore. MTHF binds on the surface of the protein and it accessibility to the 
solvent explaining why this cofactor disassociates easily from the enzyme. Surface 
binding of the MTHF also explains why the enzymes retain their native structure 
when this cofactor is removed. In A. nidulans and T. thermophilus the cleft where 
deazaflavin (8-HDF) binds is a smaller cavity than the MTHF binding site in E. coli 
photolyase. However, the cavity is large enough for the smaller 8-HDF to bind 
further to the interior of the protein in contrast to the exterior binding of MTHF in 
E.coli photolyase. 
Two cryptochrome structures are currently available: Synechocystis DASH 
Cry (Brudler et al. 2003) and A. thaliana Cry1 (Brautigam et al. 2004).  The PHR 
homology domains of these proteins are remarkably similar to the structures of 
photolyase members from this family. There are some notable exceptions: 
Photolyase and Cry-DASH have a positively charged DNA binding groove running 
through or around the FAD-access cavity. In contrast, the AtCry1 does not have a 
positively charged DNA binding groove. AtCry1 has a negative surface charge with a 
small area of positive charge around the FAD-access cavity, with the opening of the 
FAD-access cavity being larger and deeper in AtCry1. 
 
5. Photolyase/Cryptochrome Reaction Mechanism 
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The reaction mechanism of DNA repair by photolyase has been well 
characterized in the literature and serves as a model for the cryptochrome reaction 
mechanism (Sancar 1994; Sancar 2003). Three structural features effect enzyme-
substrate interaction; the positively charged DNA binding groove which runs across 
the surface of the helical domain, the dimensions of the hole leading to the active 
site in which the photoproduct sits, and the FAD at the bottom of the hole. The 
second chromophore does not affect binding to the substrate. The reaction 
mechanism follows classic Michaelis-Menton kinetics. After the Enzyme-Substrate 
(ES) complex forms, light causes the ESÆEP transition followed by the dissociation 
of the Product (P). The reaction mechanism is summarized as follows (Sancar 1994; 
Sancar 2003). The first step involves light-independent binding by photolyase of the 
Pyr<>Pyr substrate. Photolyase locates the DNA by three-dimensional diffusion and 
the binding to the DNA backbone is mediated by ionic bonding. The result is the 
dimer being “flipped out” of the double helix and into the active site cavity in close 
proximity to flavin (Mees et al. 2004; Park et al. 1995). Once the enzyme-substrate 
complex is formed, the MTHF (or 8-HDF) acts as a photoantenna and absorbs a 
photon resulting in a high-efficiency electron transfer to the FADH- by fluorescence 
resonance energy transfer (FRET). Then the FADH-* transfers the electron to the 
Pyr<>Pyr splitting the cyclobutane ring causing bond rearrangement generating a 
Pyr and a Pyro- and back electron transfer to the FADHo restoring the catalytic 
cofactor to the active reduced form. The photolyase photocycle result in no net 
change to the enzyme, substrate, or chromophores.  
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 The reaction mechanism of (6-4) photolyase is believed to function in a 
similar manner except the initial step of (6-4) photolyase binding the (6-4) 
photoproduct and thermally converting it into an oxetane intermediate which 
resembles a cyclobutane ring, after which, the reaction proceeds similar to CPD 
photolyase,(Todo et al. 1996; Zhao et al. 1997). 
 In addition to light-dependent DNA repair, photolyase has a light-independent 
or “dark function.” Excision repair is a general repair system used by most 
organisms to remove all types of DNA lesions. In vivo experiments in E. coli and 
yeast cells demonstrated that photolyase enhanced excision repair (Sancar et al. 
1984; Sancar and Smith 1989). Photolyase can also bind to DNA lesions which are 
not repairable by photoreactivation causing either enhanced excision repair or 
inhibited excision repair, depending on the organism (Fox et al. 1994; Ozer et al. 
1995; Selby and Sancar 1990). The mechanism of photolyase-stimulated excision 
repair is not known, but it has been proposed that photolyase increases the rate 
limiting damage recognition step of excision repair by distorting the DNA duplex 
structure (Sancar et al. 1984). 
 Presently, there is no photocycle for cryptochrome, however, genetic and 
biochemical studies have revealed light-dependent and light-independent functions. 
 
6. Cryptochromes 
Cryptochrome was first identified in Arabidopsis thaliana in 1993 as the Hy4 
gene (Ahmad and Cashmore 1993). A. thaliana seedlings displayed different 
photomorphogenic responses when grown in light-verses-dark conditions. Seedlings 
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grown in the light have shorter hypocoytls (stems) than those grown in the dark. A 
mutant, hy4, was found to have selectively lost its response to blue-light which was 
rescued by the cry1 gene (Hoffman et al. 1996; Lin et al. 1996). This suggested that 
either a blue-light photoreceptor or a component of a blue-light signaling pathway 
was disrupted. When Hy4 was cloned and sequenced it was found to have 
sequence homology to photolyase (Ahmad and Cashmore 1993). However, the 
recombinant protein purified with flavin, but lacked DNA repair activity (Lin et al. 
1995). This lack of repair activity led to the definition of a cryptochrome: a blue-light 
photoreceptor with homology to photolyase but no photolyase activity. A second 
blue-light photoreceptor, Cry2, was cloned in A. thaliana and cryptochromes from 
other plants were also discovered (Hoffman et al. 1996; Lin et al. 1998; Malhotra et 
al. 1995). 
The first animal cryptochrome was identified in 1995 as a photolyase homolog 
in the human genome (Adams et al. 1995). A photolyase homolog in humans was 
unexpected as earlier exhaustive research had concluded placental mammals did 
not have photolyase activity (Li et al. 1993). A second photolyase homolog was 
identified in humans in 1996(Hsu et al. 1996). Both homologs were cloned and 
recombinant proteins were expressed with flavin, but they lacked DNA repair activity 
(Hsu et al. 1996; Todo et al. 1997). Therefore, these homologs were named human 
CRY1 and CRY2. Plants cryptochromes had been shown to be a blue-light 
photoreceptor, so it was hypothesized that the mammalian cryptochromes would be 
as well. 
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Many organisms possess endogenous oscillators which regulate physiological 
and biological functions with the 24-hour solar day. These circadian (circa=about, 
dies=a day) rhythms are regulated by the molecular/circadian clock. This clock 
functions in complete darkness and produces rhythms with a period of approximately 
24 hours. The intrinsic rhythms are not exactly 24 h and are entrained, or 
synchronized, with negative feedback loops by input from periodic environmental 
changes with the most important being the daily light-dark cycles. Cryptochromes 
are found to have a role in entraining circadian oscillations and sometimes as an 
integral component of the molecular clock. 
The best characterized model systems used to study cryptochromes are 
Drosophila, Arabidopsis, and mouse. Of these common model systems humans and 
mice have two cryptochromes, Drosophila has one, and Arabidopsis has two. All of 
these organisms have a circadian clock. 
 
6.1 Insect Cryptochromes.  
In 1998 a cryptochrome was discovered in Drosophila through a circadian 
rhythm screen and has become one of the best characterized animal cryptochromes 
(Stanewsky et al. 1998). The cryptochrome loss of function mutant, cryb, mutants in 
Drosophila synchronize poorly to light/dark cycles, are not sensitive to short, phase-
shifting light pulses, and are rhythmic under constant light, a condition that would 
cause arrhythmic behavior in wild type flies (Emery et al. 2000; Stanewsky et al. 
1998). Yet, even without the inability to phase-shift to light pulses the molecular 
clock appears to function normally, indicating a problem with the photoreceptive 
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input. Flies can receive light input to entrain their circadian rhythms through either of 
the two photoreceptor systems dCry or opsins (Helfrich-Forster et al. 2001). 
 Drosophila cryptochrome utilizes a light -mediated regulation of the circadian 
clock through interaction with and subsequent degradation of the integral clock 
protein, TIMELESS (TIM), a vital element of the fly's circadian oscillator, causing the 
clock to reset (Ceriani et al. 1999). The Cry-TIM interaction is stimulated by light and 
promotes ubiquitination and proteosomal degradation of TIM. Deletion or 
mutagenesis of the last 20 amino acids of the dCry c-terminal results in a light-
independent constitutive interaction of dCry and TIM (Busza et al. 2004; Dissel et al. 
2004; Rosato et al. 2001). Hence, light is required for Cry binding to TIM and in a 
separate unique step, light is required for ubiquitination of TIM. It can be inferred, 
from these results, that under dark conditions the dCry c-termini inhibits TIM binding 
to dCry. In addition to dCry acting as a photoreceptor to convey light information to 
the core molecular clock, there is evidence of a light-independent role in the function 
of peripheral circadian oscillators(Collins et al. 2006; Krishnan et al. 2001). 
 
6.2 Plant Cryptochromes.   
Genetic analysis of Arabidopsis thaliana Cry1 and Cry2 mutants have 
implicated both Cry1 and Cry2 in plant photomorphogenesis, such as stem 
elongation and stimulation of leaf expansion by blue-light, regulation of flowering, 
gene regulation, and regulation the circadian clock (Ahmad and Cashmore 1993; El-
Din El-Assal et al. 2001; Guo et al. 1999; Guo et al. 1998; Mockler et al. 2003; 
Somers et al. 1998; Yang et al. 2000). Over expression of AtCry causes a 
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hypersensitivity to blue-light resulting in extreme inhibition of hypocotyl elongation 
(Ahmad and Cashmore 1997; Lin et al. 1996; Lin et al. 1998). One notable 
difference between AtCry1 and AtCry2 is the rapid degradation of Cry2 in response 
to moderate to high intensity light (Lin et al. 1998). A. thaliana genes were found to 
be regulated by Cry1 and Cry2, and possibly partially regulated by the phytochrome 
family of proteins, in response to blue-light. (Ma et al. 2001). Gene regulation by 
plant cryptochromes may involve signaling through the c-terminal tail (Yang et al. 
2000). Both Cry1 and Cry2 have c-terminal tails (CCT) that interact in a light-
independent manner with the E3 ubiquitin ligase, COP1, which is responsible for the 
degradation of bZIP transcription factors (Wang et al. 2001; Yang et al. 2001). When 
exposed to light AtCry inhibits COP1 activity and when the c-terminal domain is 
overexpressed it results in a constitutive “lights on” phenotype (Yang et al. 2000). 
Additionally, a recent report has shown light causes a conformational change in 
AtCry1 releasing the c-terminal tail from the protein body (Partch et al. 2005). Thus, 
it is proposed that AtCry binds COP1 and undergoes a light-dependent 
conformational change of the c-terminal tail resulting in inhibition of COP1. 
 
6.3 Vertebrate Cryptochromes. 
Light entrainment of the mammalian circadian system occurs first in the retina 
resulting in signaling via the retinohypothalamic tract to the master clock in the 
suprachiasmatic nucleus (SCN) (Johnson et al. 1988b; Van Gelder and Sancar 
2003). Even though mammalian cryptochromes are expressed in almost every cell, 
and every cell has its own autonomous circadian clock, photoreception only occurs 
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in the retina (Balsalobre et al. 1998; Miyamoto and Sancar 1998; Van Gelder and 
Sancar 2003).  Thorough genetic investigations of the mammalian cryptochromes 
have been done using the mouse-model system. One drawback of this system, 
since cryptochromes are integral components of the circadian clock, is that it is 
difficult to analyze the role of cryptochrome in photoreception, especially when using 
behavioral readouts. 
 Behavioral studies show that cry1-/-cry2-/- mice are arrhythmic under constant 
darkness but are still rhythmic under light/dark conditions (van der Horst et al. 1999). 
This indicated that cryptochrome genes played an integral role in the light-
independent regulation of the mammalian circadian clock, but that other 
photoreceptors were involved in light mediated control of the clock. Since these mice 
still contained their visual opsin photoreceptors cry1-/-cry2-/- mice lacking visual 
photoreceptors were made. The triple knockout mice, carrying the cry1-/-cry2-/- 
mutation and the retinal degeneration mutation, rd/rd, were found to be nearly 
arrhythmic under light/dark conditions (Selby et al. 2000). In these same mice there 
was a 3000-fold reduction of c-fos induction in the SCN under limiting light. Only a 
small reduction in c-fos is seen if the visual opsins are present. In spite of the large 
c-fos reduction seen in the rd/rd cry1-/-cry2-/-mice, the residual photoresponse lead 
researchers to believe that there was an undiscovered photoreceptor. A new opsin, 
melanopsin, was found to be expressed solely in the retinal ganglion cells of the 
retina and that these cells were intrinsically photosensitive (Hannibal and 
Fahrenkrug 2002; Provencio et al. 2000). When melanopsin and all visual 
photoreceptors were deleted, it resulted in the ablation of all nonvisual 
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phototransduction and photoresponses (Hattar et al. 2003; Panda et al. 2003). To 
analyze the role of cryptochromes in this pathway, retinal binding protein (RBP) 
deficient mice were used. When RPB-/- mice are raised on a vitamin A deficient diet 
the necessary cofactor for all opsins, ocular retinaldehydes, are undetectable by 10 
months of age (Quadro et al. 1999). These mice are blind but still retain normal 
nonvisual photoresponses as measured by c-fos induction in the SCN (Thompson et 
al. 2001; Thompson et al. 2004). In RBP-/- Cry1-/-Cry2-/- mice there is complete loss 
of of c-fos induction in the SCN(Thompson et al. 2004). Thus, mammalian 
cryptochromes are not necessary for phototransduction to the SCN, but their loss 
results in a compromised photoresponse, indicating mammalian cryptochromes are 
on the phototransduction pathway but it does not indicate whether they retain any 
photoreceptive function. 
 The strongest evidence of photoreceptor activity in vertebrate by 
cryptochrome is in the papillary light response (PLR) of the embryonic chick iris (Tu 
et al. 2004). Both melanopsin and cryptochromes are expressed in the chick iris. 
When partial knockdown of melanopsin with siRNA is achieved there is no effect on 
PLR photosensitivity. However, when either cryptochrome is knocked down by 50% 
then a comparable reduction is seen in PLR photosensitivity. In addition, the action 
spectrum of the PLR resembles absorption spectrums of purified recombinant 
cryptochrome, not that of an opsin. 
 Unfortunately, most of the studies done with vertebrate cryptochromes are 
done at the genetic level because purification of quantitative amounts of active 
protein with chromophore has been elusive. 
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 6.4  DASH Cryptochromes.  
A new subclass of cryptochromes was first discovered in Synechocytis in 
2003 (Brudler et al. 2003). Members of this family are found in a variety of 
organisms, such as, fungi, prokaryotes, eukaryotes, and viruses. Members of this 
class lack a c-terminal tail and have been found to have weak photolyase activity.  
The reported photolyase activity of DASH subfamily members is as follows: 
Synechocytis Cry-DASH did not have any in vitro photolyase activity but showed a 
small amount of photoreactivation in vivo (Hitomi et al. 2000; Ng and Pakrasi 2001).  
Zebrafish and X. laevis CRY-DASH showed weak in vitro CPD photolyase activity 
with zCRY-DASH also having weak CPD specific binding (Daiyasu et al. 2004). Both 
zCRY-DASH and XlCRY-DASH demonstrated weak in vivo photoreactivation. The 
Arbidopsis DASH cryptochrome, AtCry3, was found to have an n-terminal extension 
containing chloroplast and mitochondrial import signals (Kleine et al. 2003). 
Currently, there is no known substrate or function of DASH cryptochromes. 
 
7. Conclusion 
 Progress in the identification and functional mechanisms of cryptochromes 
remains unfinished. There are still many unanswered questions: Do mammalian 
cryptochrome have light-dependent function? What is its role in the 
phototransduction pathway? What is the physiological role of DASH cryptochromes?  
What functional information will they reveal into photolyase/cryptochrome function?  
Presented in the following sections are biochemical and genetic analyses of 
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prokaryotic CPD photolyases and DASH cryptochromes and a phylogenetic analysis 
of the photolyase/cryptochrome superfamily
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CHAPTER 2 
Purification and Characterization of Three Members 
of the Photolyase/Cryptochrome Family Blue-light 
Photoreceptors from Vibrio cholerae 
 
 
ABSTRACT 
The sequence of Vibrio cholerae genome revealed three genes belonging to 
the photolyase/cryptochrome blue-light photoreceptor family.  The proteins encoded 
by the three genes were purified and characterized.  All three proteins contain folate 
and flavin cofactors and have absorption peaks in the 350-500 nm range.  Only one 
of the three, VcPhr, is a photolyase specific for cyclobutane pyrimidine dimers.  The 
other two are cryptochromes and were designated VcCry1 and VcCry2, respectively.  
Mutation of phr abolishes photoreactivation of UV-induced killing while mutations in 
cry1 and cry2 do not affect photorepair activity.  VcCry1 exhibits some unique 
features: of all cryptochromes characterized to date it is the only one that contains 
stoichiometric amounts of both chromophores and retains its flavin cofactor in the 
two-electron reduced FADH2 form.  In addition, VcCry1 exhibits RNA binding activity 
and co-purifies with an RNA of 60-70 nucleotides in length. 
1. Introduction 
 The photolyase/cryptochrome family encompasses blue-light photoreceptors 
which use near UV-blue light photons as an energy source to either repair far UV 
(200-300 nm)-induced DNA lesions or to regulate growth and development in plants 
and synchronize the circadian clock with the daily light-dark cycles in animals 
(Cashmore et al. 1999; Sancar 2003; Todo 1999).  In addition to their light-
dependent functions both photolyase and cryptochrome also carry out some light-
independent functions important for cellular physiology (Kavakli and Sancar 2002; 
Sancar 2000b): photolyase stimulates excision of UV damage and certain chemical 
lesions by nucleotide excision repair (Sancar 2000b)and cryptochromes inhibit 
transcription of several circadian clock genes (Kume et al. 1999; Reppert and 
Weaver 2001; Vitaterna et al. 1999). 
 Despite their obvious selective advantages, photolyase and cryptochrome are 
not universally distributed in nature.  Certain organisms, such as Drosophila 
melanogaster, contain photolyases for both major UV photoproducts, the 
cyclobutane pyrimidine dimer (Pyr<>Pyr) and the (6-4) photoproduct (Todo 1999), 
and a cryptochrome (Selby and Sancar 1999; Stanewsky et al. 1998) while others 
such as Bacillus subtilis, Haemophilus influenzae and Caenorhabditis elegans 
possess neither a photolyase nor a cryptochrome (Sancar 1994; Thompson and 
Sancar 2002).  Hence, it is not possible to predict which organisms may or may not 
contain photolyase/cryptochrome family members based on phylogenetic and 
evolutionary considerations.  In the last decade, genome sequencing projects have 
identified over 50 photolyase/cryptochrome candidate genes in various organisms 
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including some animal viruses (Todo 1999).  In some instances these genes have 
been shown to encode photolyases or cryptochromes using biochemical and genetic 
approaches.  In the majority of cases the functions of these genes identified by 
genomics remain to be defined. 
 We were particularly interested in the photolyase/cryptochrome genes 
uncovered by the Vibrio cholerae sequencing project (Heidelberg et al. 2000).  The 
sequence of V. cholerae El Tor N16961 revealed three genes belonging to this 
family.  The authors suggested that the presence of three photolyase homologues, 
more than have been found in other bacterial species sequenced to date, may allow 
V. cholerae to photorepair the two major UV photoproducts, the cyclobutane 
pyrimidine dimer and the (6-4) photoproduct by the readily available light energy 
(Heidelberg et al. 2000).  V. cholerae is an enteropathogen that is transmitted 
through contaminated water and foodstuff, and has high likelihood of UV exposure 
during transit.  Hence, it would be advantageous if the bacterium had an efficient 
photorepair system consisting of one or two photolyases for each of the major UV 
photoproducts.  Indeed, it has been shown that in V. cholerae photoreactivation 
plays a much more important role in repair of UV damage compared to other 
entereopathogenic bacteria such as Escherichia coli (Chanda and Chatterjee 1976; 
Das et al. 1981).  Therefore, we decided to investigate the roles of these three 
photolyase homologues in UV survival of V. cholerae. 
 Our biochemical analyses show that the proteins encoded by all three genes 
have the folate and flavin cofactors typical of photolyase/cryptochrome family.  
However, genetic and biochemical data indicate that only one is a photolyase, 
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specific for cyclobutane pyrimidine dimer.  We designate the corresponding gene 
and protein Vcphr and VcPhr, respectively.  The other two, by convention (Hsu et al. 
1996; Lin et al. 1995) are designated cryptochromes and are named VcCry1 and 
VcCry2, respectively.  Although cryptochromes are assumed to function as blue-light 
photoreceptors in organisms ranging from Arabidopsis thaliana (Ahmad and 
Cashmore 1993) to humans (Hsu et al. 1996; Thresher et al. 1998) there are no 
photochemical and biochemical data to support the genetic evidence for such a 
function.  In fact, due to lack of biochemical data on a presumptive “cryptochrome 
photocycle” the roles of cryptochromes as photoreceptors, in particular in animals, 
has been questioned (Reppert and Weaver 2001). 
Currently, the strongest evidence for a photoreceptor function for 
cryptochrome is its high sequence homology to photolyase and the presence of both 
folate and flavin cofactors in all characterized cryptochromes (Sancar 2003).  
However, the native photolyase contains the flavin cofactor in the two-electron 
reduced FADH2 (or FADH¯) form whereas all cryptochromes analyzed to date 
contain the flavin in the two-electron oxidized form (Hitomi et al. 2000; Hsu et al. 
1996; Lin 1996; Malhotra et al. 1995).  This has led to a model whereby 
cryptochrome carries out its regulatory function by an ordinary light-independent 
flavin oxidoreductase mechanism (Rutter et al. 2002).  In fact, even though the 
active form of flavin in photolyases is FADH¯, this cofactor becomes oxidized to 
either FADH° or FADox inactive forms during purification of most photolyases and 
must be reduced in vitro to activate the enzyme (Sancar et al. 1987a).  Hence, it is 
conceivable that the flavin is in the FADH¯ form in cryptochromes and that the FADox 
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found in isolated cryptochromes is a purification artifact.  In that regard our analyses 
of the cofactors of VcPhr1, VcCry1, and VcCry2 are of special significance.  While 
VcPhr and VcCry2 do contain FADH° and FADox the purified VcCry1 contains flavin 
in the two-electron reduced form.  We consider this finding the strongest evidence to 
date that cryptochromes function in a manner analogous to photolyases, that is, by 
photoinduced electron transfer.  Furthermore, VcCry1 under mild purification 
conditions contains a 60-70 nt-long RNA.  The significance of this latter observation 
remains to be determined. 
 
2. Materials and Methods 
Bacterial Strains and Plasmids   
The E. coli strain UNC523F’lacI6 (phr::kan uvrA::Tn10) was used as the host 
strain for expressing the V. cholerae photolyase/cryptochrome proteins(Malhotra et 
al. 1995).  The V. cholerae 01 El Tor was obtained from Dr. Fıtnat Yıldız (University 
of California, Santa Cruz).  The E. coli pir-116 strain and the plasmid pGP704sacB-
28 used for generating null mutants of V. cholerae have been described previously 
(Horton et al. 1990; Yildiz et al. 2001).  The expression vector pMal-c2 was 
purchased from New England Biolabs.  The bacterial strains were maintained at -
80°C in Luria-Bertani broth (LB) supplemented with 15% (v/v) glycerol.  Cultures 
were grown at 37°C in LB unless specified otherwise.  When antibiotics were used 
they were included in culture media at the following concentrations: ampicillin, 100 
μg/ml; chloramphenical, 5 μg/ml; kanamycin, 50 μg/ml; streptomycin, 100 μg/ml; and 
tetracycline, 0.5 μg/ml. 
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 Cloning of V. cholerae phr homologues into expression and gene 
disruption vectors 
The V. cholerae phr homologues were amplified by PCR using primers based 
on published genomic sequence (Heidelberg et al. 2000) and V. cholerae 01 El Tor 
genomic DNA, donated by Dr. Ronald Taylor (Dartmouth Medical School, N.H.), as 
template and the amplified genes were inserted into pMal-c2 (New England Biolabs).  
The resulting plasmids express the Vibrio proteins fused to the carboxy terminal end 
of maltose binding protein encoded by the malE gene of pMal-c2.  The plasmids 
were named pUNC2001 (MBP-VcPhr), pUNC2002 (MBP-VcCry1), and pUNC2003 
(MBP-VcCry2).  The cloned genes were completely sequenced to ensure that no 
mutation was introduced during PCR amplification. 
 The V. cholerae phr homologues were disrupted by inserting a kanamycinR 
cassette into Vcphr, a chloramphenicolR cassette into Vccry1, and a tetracyclineR 
cassette into Vccry2.  The kanR, camR, and tetR cassettes were amplified by PCR 
using pUCK, pNCH40, and pBR322 as templates, respectively.  In the case of VcPhr 
the gene was disrupted with kanR using overlapping PCR (Horton et al. 1990). Using 
the appropriate primers, the kanR gene was flanked by 341 and 350bp of VcPhr 5’ 
and 3’ ends, respectively. The construct was then introduced into the suicide vector 
pGP704SacB-28. For VcCry1 and VcCry2 the amplified camR and tetR genes were 
digested with the appropriate enzymes and inserted into pUNC2002, and 
pUNC2003, respectively.  Then, new PCR primers were used to amplify the 
antibiotic markers along with 200-350 bp of phr homologous sequences on both 
23
sides.  The resulting PCR products were digested with the appropriate restriction 
enzymes and then inserted into the suicide vector pGP704SacB-28.  The new 
constructs were named pUNC2004 (VcPhr), pUNC2005 (VcCry1), and pUNC2006 
(VcCry2) and used to generate null mutants of the respective genes. 
 
Generation of Null Mutants of phr Homologues  
Mutants were generated either by electroporation (vcphr1::kan) or mating 
vc(cry1::cam and vccry2::tet). E. coli SM10 containing pUNC2004, -2005, or -2006 
was mated with V. cholerae at cell densities of 1 X 108 cells/ml in LB.  The mating 
mixture was incubated at 37°C for 3 hrs with gentle shaking to allow for conjugation.  
Then, the cells were vortexed to interrupt conjugation and streptomycin was added 
to the culture to inhibit the growth of E. coli SM10, and the incubation continued for 
another 2 hrs.  Cells were plated on LB agar containing streptomycin plus 
kanamycin, chloramphenicol, or tetracycline to select for the exconjugants (Yildiz et 
al. 2001).  Colonies were picked from these plates and grown in modified LB agar 
containing 5% NaCl and 5% sucrose to select for integration of the disrupted genes 
by homologous recombination (Horton et al. 1990).  Colonies were picked from 
these plates and tested by PCR for disruption of phr homologues using primers of 
sequences flanking each of the three genes.  Gene disruption was confirmed by 
sequencing the PCR products. 
 
Purification of V. cholerae photolyase and cryptochromes   
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To purify VcPhr, VcCry1, and VcCry2 we transferred pUNC2001, pUNC2002, 
and pUNC2003, respectively, into E. coli UNC523.  To purify VcPhr, 
UNC523/pUNC2001 was grown in 10-l LB at 37°C to A600=0.6 at which point 
isopropyl-β-D thiogalactoside (IPTG) was added to 0.3 mM and the incubation was 
continued for an additional 16 h at 22°C.  The cells were harvested by centrifugation 
and cell-free extract was prepared by sonication, followed by the removal of cell 
debris by ultracentrifugation. The cell-free extract was applied to a 10-ml amylose 
resin column.  Following extensive washing the protein was eluted with maltose as 
described by the manufacturer.  Fractions containing MBP-VcPhr were identified by 
SDS-PAGE and Coomassie Blue staining.  Fractions containing photolyase were 
combined and dialyzed against storage buffer that contained 50 mM Tris-HCl pH 
7.5, 100 mM NaCl, 1 mM EDTA, 5 mM dithiothreitol and 50% (v/v) glycerol.  Typical 
yield was 12 mg of VcMBP-Phr from an 8-l culture.  VcCry1 was purified in a similar 
manner. However, UNC253/pUNC2002 cells were grown at 25 °C before and after 
IPTG induction.  Typical yield for MBP-VcCry1 was 150 mg per 10-l culture.   MPB-
VcCry1 was also purified from V. cholerae transformed with pUNC2002 by a similar 
procedure. Initial attempts to purify MBP-VcCry2 under the same conditions were 
unsuccessful because most of the protein was lost in inclusion bodies.  Therefore, 
UNC523/pUNC2003 cells were grown to A600=0.5 at 37°C, then IPTG was added to 
0.3 mM and incubation was continued at 12°C for an additional 24 hrs.  The protein 
was purified by amylose affinity chromatography.  Typical yield was 8 mg MBP-
VcCry2 from a 2-L culture. 
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Spectroscopic Analysis   
The absorption and fluorescence spectra were recorded with a Shimadzu UV-
1601 spectrophotometer and a Shimadzu RF5000 U spectrofluoremeter, 
respectively.  The concentrations of the apoproteins and the cofactors were 
calculated from their molar extinction coefficients.  The theoretical molar extinction 
coefficients of the three apoenzymes at 280 nm are as follows: MBP-VcPhr = 
205,785 M-1cm-1; MBP-VcCry1 = 177,475 M-1cm-1; and MBP-VcCry2=200,335 M-
1cm-1.  The molar extinction coefficient of methenyltetrahydrofolate (MTHF) at 370-
380 nm is 24,495 M-1cm-1 (Johnson et al. 1988a) and the molar extinction coefficient 
of FADox at 440 nm is 11,300 M-1cm-1.  The protein concentration was obtained with 
relative accuracy from the absorption spectrum of the native enzyme.  The 
concentration of MTHF was also calculated from the absorption of the native 
enzyme at 380 nm.  However, there was considerable uncertainty in the MTHF 
concentration estimated from this value for VcPhr because the enzyme contains 
flavin in a mixture of reduced, one-and two-electron oxidized state, and the latter two 
forms have significant absorbance at 380 nm.  This was not a problem for VcCry1 
and VcCry2.  In VcCry1, essentially all of the flavin is in the two-electron reduced 
form that does not absorb at 380 nm at a significant level.  In VcCry2, MTHF, in most 
preparations is vastly substoichiometric relative to flavin and apoprotein such that its 
presence could be ascertained only by florescence spectroscopy.  To determine the 
flavin concentration, the holoproteins were heated at 95°C for 5 min in buffer 
containing 50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 5 mM EDTA, 1 mM DTT, and the 
precipitated protein was removed by centrifugation.  The absorption spectrum in the 
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300-700 nm range was recorded and FAD concentration was calculated from 440 
nm absorbance using a molar extinction coefficient of 11,300 M-1cm-1.  When MTHF 
is released from the enzyme the 5-10 methenyl bridge responsible for the 380 nm 
absorption band is broken at neutral pH to generate 10-formyltetrahydrofolate which 
does not absorb at λ>300 nm and hence does not contribute to the near-UV 
spectrum of the cofactors (Johnson et al. 1988a). 
 
Photoreactivation   
Wild type V. cholerae N16961 and its mutant derivatives were grown in LB at 
37°C for 16 hrs.  The titers of these stationary phase cultures were typically 3-5 x 
109 cells/ml.  Dilutions were made in phosphate buffered saline and plated in 
triplicate for each UV or UV plus photoreactivation treatment.  General Electric 
germicidal lamp GT5 emitting mainly at 254 nm was the UV source, and 
photoreactivation was carried out with a Sylvania F15T8/BLB black light emitting 
mainly 366 nm.  The UV and black light fluences were measured using a UVX Digital 
Radiometer (Ultraviolet Products Inc.) fitted with the appropriate sensors.  The plates 
were irradiated with UV fluences of 10, 20, and 40 J/m2 at a fluence rate of 0.5 Jm-
2s-1.  For photoreactivation the plates were covered with the plastic cover of the Petri 
dish and two layers of window glass to filter out radiation below 300 nm.  
Photoreactivation was carried out for 60 min at a fluence rate 2.5 Jm-2s-1, a condition 
which empirically was determined to produce maximum photoreactivation.  
Photoreactivation experiments were done under GE “Gold” fluorescent light to 
prevent uncontrolled photorepair.  Following UV and photoreactivation treatments 
27
the plates were incubated in dark at 37°C for 16 hrs and then the colonies were 
counted and survivals relative to unirradiated controls were calculated. 
 
Photolyase Assays   
Vibrio cell-free extract was tested for both cyclobutane photolyase and (6-4) 
photolyase by coupled enzyme assays.  In the assay testing for cyclobutane 
photolyase activity, a radiolabeled substrate containing T<>T at the MseI restriction 
site (TTAA) and is consequently refractory to cutting by the restriction enzyme, was 
first treated with the photolyase preparation and then the restriction enzyme.  The 
fraction of the DNA cut by MseI following the photoreactivation treatment is a 
measure of the extent of photorepair (Zhao et al. 1997).  The substrate used for this 
assay had the following sequence (only top strand is shown) and its preparation has 
been described previously: 
CTGCGTCTAGATGCTTAAGGAAT<>TAAGGACGTGGCCTAGGGCGATC. 
 In the assay for (6-4) photolyase activity, we took advantage of the fact that 
the (6-4) photoproduct inhibits 3’ to 5’ exonucleolytic digestion by T4 DNA 
polymerase, and removal of this inhibition by photorepair can be used to measure 
photoenzymatic activity. In this assay a 46-bp duplex, which contains radiolabel at 
the 5th phosphodiester bond 5’ to T[6-4]T is used.  Repair of the photolesion enables 
T4 DNA polymerase 3’ to 5’ exonuclease to digest the DNA past the site of the 
photolesion and release the radiolabel in the form of mononucleotide from which the 
extent of repair is calculated.  The sequence of the duplex used in this assay is as 
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follows (only the lesion containing strand is shown): 
CTGCGTCTAGATGCTTAAGGTAT[6-4]TATGGACGTGGCCTAGGGCGATC-3’. 
 For the photolyase assays, 2 fmol of either substrate was mixed with 100 μg 
of V. cholerae cell-free extract in reaction buffer containing 20 mM Tris-HCl, pH 7.5, 
200 mM NaCl, 5 mM EDTA, 5 mM DTT and 15% glycerol (v/v).  The reaction was 
either kept in the dark or was exposed to photoreactivating light (filtered through two 
glass plates) at 4°C for 90 min.  In the case of the cyclobutane photolyase assay the 
DNA was extracted with phenol/chloroform, precipitated with ethanol, resuspended 
in restriction enzyme buffer, and digested with 10 units of MseI for 90 minutes at 
37°C.  The reaction products were electrophoresed on 8% polyacrylamide 
sequencing gel and the level of repair was determined using a PhosphoImager 
(Molecular Dynamics Inc.).  In the case of the (6-4) photolyase assay, following the 
photoreactivation treatment the sample was extracted with phenol/chloroform, the 
aqueous phase was supplemented with 0.1 μg of HaeIII digested ΦX174 DNA, 2 
units of T4 DNA polymerase was added and the reaction mixture was incubated at 
37°C for 12 min and the products were separated on a 15% polyacrylamide 
sequencing gel.  The level of repair was determined by the intensity of radiolabeled 
mononucleotide using Phosphoimager.   
 
3. Results 
3.1 Sequence Analysis of the Three “Photolyase Homologues” of V. 
cholerae  
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The sequences of the proteins encoded by the three phr-like genes of V. 
cholerae, which we designate VcPhr (Protein ID # NP_232458), VcCry1 (Protein ID 
# NP_231448), and VcCry2 (Protein ID # NP_231036) are compared to 
representative members of the photolyase/cryptochrome family including a 
cyclobutane photolyase, a (6-4) photolyase, a plant cryptochrome, and an animal 
cryptochrome in Figure 2.1.  Like all other members of this family the Vibrio proteins 
exhibit high degree of sequence similarity in the FAD binding domain near the 
carboxy terminus.  In addition, VcPhr exhibits 53% sequence identity to E. coli 
photolyase using the GCG Wisconsin Package Program Version 10.3,  suggesting 
that this protein is likely to be a cyclobutane photolyase.  In contrast, the sequences 
of VcCry1 and VcCry2 are not that revealing. These proteins exhibit sequence 28% 
sequence identity to one another and 21-40% identity to VcPhr, E. coli Phr, A. 
thaliana and human cryptochromes, and to Drosphila melanogaster (6-4) 
photolyase.  Therefore, genetic and biochemical analyses were necessary to assign 
functions to these proteins. 
 
3.2 Purification of V. cholerae Photolyase/cryptochrome Family Proteins  
We cloned the three V. cholerae phr-like genes into the pMal-c2 vector to 
express the corresponding proteins in E. coli fused with MBP to aid in solubility and 
purification of the recombinant proteins.  All three proteins were expressed at high 
levels and VcPhr and VcCry1 were soluble and readily purified.  However, VcCry2 
was insoluble when cells were grown at >20°C and therefore preparative scale 
quantities could be obtained only when cells were grown at 12°C at which the 
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majority of VcCry2 was soluble.  Once soluble protein was obtained, all three 
proteins were readily purified by affinity chromatography on amylose resin.  Figure 
2.2 show the overexpression and purification of the three proteins as analyzed by 
SDS-PAGE.  As apparent from these figures, after the affinity purification step the 
proteins were >95% pure and therefore appropriate for spectroscopic and enzymatic 
analyses. 
 
3.3 Spectroscopic Properties   
All members of photolyase/cryptochrome family characterized to date contain 
FAD as an essential cofactor; in addition, these proteins contain a second 
chromophore, which in the majority of organisms is methenylthtrahydrofolate 
(MTHF) and in a limited number of species is 5-deazariboflavin (Cashmore et al. 
1999; Sancar 2003; Todo 1999).  The folate class enzymes exhibit a major 
absorption peak at 375-410 nm due to MTHF and either an additional peak at 440 
nm due to FADox or several peaks at 480, 580, and 625 nm, due to flavin blue 
neutral radical, FADH° (Sancar 2003).  Often an enzyme preparation may contain a 
mixture of one- and two- electron oxidized species giving rise to a complex spectrum 
in the near UV-visible region (Jorns et al. 1987a).  The deazaflavin class enzymes 
exhibit a major peak at 440 nm due to deazaflavin and additional peaks in the visible 
region arising from FAD as in the case of the folate class enzymes. When a 
deazaflavin class photolyase/cryptochrome is expressed in E. coli the absorption 
spectrum reflects only the contribution of the FAD because E. coli does not 
synthesize deazaflavin (Eker et al. 1990; Malhotra et al. 1992). 
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Figure 2.3 shows the absorption spectra of VcPhr, VcCry1, and VcCry2, 
respectively.  The absorption spectrum of VcPhr exhibited a major peak at 380 nm, 
minor peaks at 440 nm and 480 nm and a tail extending up to 600 nm (Figure 2.3A).  
This spectrum is consistent with the presence of MTHF and a mixture of FADH° and 
FADox in this protein.  The near-UV absorption spectrum of VcCry1 was dominated 
by a 380 nm peak and in this preparation, minor absorption beyond 400 nm 
ascribable to low levels of oxidized forms of flavin (Figure 2.3B).  In contrast, the 
absorption spectrum of VcCry2 showed a peak at 440 nm and a shoulder at 480 nm, 
(Figure 2.3C) consistent with a mixture of species containing FADox and FADH°.  
Although there was a minor shoulder in the 370-390 nm region, from this spectrum 
alone it cannot be claimed that VcCry2, in this particular preparation, contained 
MTHF. 
 Further evidence that all three proteins contain both MTHF and FAD was 
obtained by fluorescence spectroscopy.  Typically, enzyme-bound MTHF has a 
fluorescence emission maximum at 460-480 nm with an excitation maximum at 360-
390 nm (Johnson et al. 1988a; Sancar 2003).  Flavin has an emission maximum at 
505-520 nm with excitation maxima at 370 nm and 440 nm.  However, the flavin 
excitation spectrum for emission at 520 nm is often complicated in 
photolyase/cryptochrome family because of energy transfer from MTHF to FAD 
when the protein is excited in the 360-390 nm range (Jorns et al. 1984).  Figure 2.4 
shows the fluorescence spectra of VcPhr. When the excitation spectrum was 
recorded for emission at 460 nm, an essentially symmetrical peak with λmax=380 nm 
was obtained consistent with MTHF being the predominant chromophore in near-UV 
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in VcPhr. Excitation at 380 nm gave a fluorescence spectrum with a peak at 480 nm 
and a shoulder at 520 nm consistent with the presence of both MTHF and FAD 
(Figure 2.4A).  When the excitation spectrum was recorded for emission at 520 nm, 
two peaks at 370 nm and 440 nm were obtained confirming the presence of FAD 
(Figure 2.4B). 
Fluorescence spectroscopy of VcCry1 gave results similar to those of VcPhr 
with some notable differences (Figure 2.5).  First, the fluorescence emission 
spectrum with 380 nm excitation had a well-defined peak at 460 nm (MTHF) with no 
discernible shoulder in the 500-520 nm region (FAD), although the emission peak 
was asymmetric with a tail into long wavelengths from the peak indicative of 
contribution from flavin (Figure 2.5A).  When the excitation spectrum was recorded 
for emission at 460 nm, an essentially symmetrical peak with λmax=380 nm was 
obtained, consistent with MTHF being the predominant chromophore in near-UV in 
VcCry1.  In support of this conclusion, excitation of VcCry1 with 440 nm yielded a 
typical flavin emission spectrum (λmax=520 nm), and when the excitation spectrum 
was determined for 520 nm emission a major peak at 380 nm and a minor one at 
440 nm was obtained (Figure 2.5B) instead of  the 370 nm and 440 nm peaks 
typical of flavin absorbance.  It appears that in VcCry1, MTHF is the main 
chromophore responsible for excitation of FAD, through Förster resonance energy 
transfer mechanism, which then decays by fluorescence at 520 nm. 
 In agreement with the absorption spectrum the fluorescence spectra of 
VcCry2 was dominated by flavin (Figure 2.6).  Excitation at 380 nm yielded mainly a 
520 nm fluorescence band with a minor shoulder at 440 nm which could be 
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attributed to folate (Figure 2.6A).  Excitation at 440 nm exhibited a typical flavin 
emission at 520 nm (Figure 2.6B). Finally, excitation spectrum for emission at 520 
nm gave a characteristic flavin absorption spectrum, albeit with a somewhat 
distorted ratio of 370 nm/470 nm (Figure 2.6C), most likely due to higher 
contribution of scattering at lower wavelengths in this protein preparation.  In 
summary, the spectroscopic data, combined with the vast literature on the behavior 
of folate class photolyases, leads us to conclude that all three photolyase-like 
proteins of V. cholerae contain FAD and MTHF as chromophore/cofactors.  It must 
be noted, however that the three proteins exhibited significantly different 
spectroscopic properties.  This is mainly due to the different stoichimetries of MTHF 
in the three proteins and to lesser degree to the differences in the microenvironment 
of FAD in each protein as evidenced by the different propensities of the flavin to 
oxidation in the three proteins during purification.  
To calculate the stoichiometries of the two cofactors relative to the 
apoenzyme, the proteins were heat denatured at neutral pH, and following removal 
of the denatured protein by centrifugation the absorption spectra were recorded.  
Upon release from the protein, the 5-10 methenyl bridge of the MTHF is broken and 
the resulting 10-formyltetrahydofolate no longer absorbs at λ>300 nm (Johnson et al. 
1988a).  Hence, the absorption spectra of the denatured enzymes in the 300-600 nm 
yields typical flavin absorption spectrum (Figure 2.7) from which the FAD 
concentration is calculated.  The stoichiometry of FAD to apoenzyme is estimated 
from the ratio of the 440 nm absorption of the denatured enzyme to the absorption of 
the holoenzyme at 280 nm.  The concentration of the MTHF is estimated from the 
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absorption at 380 nm of the holoenzyme.  There are some uncertainties in all these 
estimates.  In particular, the calculation of MTHF concentration requires correction 
for the contribution of flavin at 380 nm which is dependent on the oxidation state of 
the flavin.  Moreover, the stoichiometries of the cofactors were found to depend on 
the growth conditions of the cultures and the number of steps in the purification 
procedure.  The range of values found for the three proteins were 
(FAD:MTHF:apoenzyme): 0.2-1.0: 0.2: 1.0 for VcPhr; 0.5-1.0: 0.5-1.0: 1.0 for 
VcCry1; and 0.1: 0.02-0.2: 1.0 for VcCry2.  The following general trend was 
observed: VcPhr usually had equimolar flavin and folate, VcCry1 bound the MTHF 
cofactor more tightly and VcCry2 bound the FAD more tightly. 
 
3.4 The Three Ligands of VcCry1   
Of all three phr-like proteins in V. cholerae VcCry1 exhibited some unique 
properties that might be relevant to the reaction mechanisms of cryptochromes in 
general.  In particular, of all cryptochromes analyzed to date VcCry1 is the only one 
identified thus far that retains its flavin in the two-electron reduced form as shown 
clearly in Figure 2.8.  When the enzyme was purified over a period of 1-2 days  
either from E.coli (Figure 2.8A) or V. cholerae (Figure 2.8B) the absorption 
spectrum exhibited only the 380 nm peak typical of MTHF even when purification 
was carried out under aerobic conditions (Figure 2.8, solid line) with no significant 
absorption at λ>500 nm.  Upon denaturation, the methenyl bond of MTHF is broken 
to generate 10-formyltetrahydrofolate and the released flavin is oxidized to reveal 
the typical FAD absorption spectrum (Figure 2.8, broken line).  From the 380 nm 
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absorption of the native protein and the 440 nm absorption of the denatured enzyme 
it was calculated that in this particular preparation two cofactors were present in 
nearly 1-to-1 stoichiometry in the holoenzyme.  Secondly, after the affinity 
purification step VcCry1 always exhibited a 260 nm absorption peak in the far UV 
suggesting the presence of a nucleic acid in the enzyme preparation (Figure 2.9A).  
Indeed, passage of the affinity column purified protein through a DEAE anion 
exchange column shifted the far-UV absorption maximum from 260 nm to 280 nm 
indicating that the nucleic acid in VcCry1 was loosely bound to the protein.  From the 
absorption of the enzyme at 260 nm and 280 nm before and after removal of the 
associated nucleic acid and the known extinction coefficients of the apoprotein and 
nucleobases (assuming single-stranded nucleic acid) we calculated that a nucleic 
acid of approximately 70 nucleotides is associated with VcCry1.  The nucleic acid 
bound to the enzyme was extracted from the protein by phenol/chloroform and 
treated with either RNase A or DNase I.  As seen in Figure 2.9B the VcCry1-
associated nucleic acid is digested by RNase but not by DNase and therefore is 
identified as RNA.  Moreover, from the DNA size markers used in this figure it 
appears that the RNA is about 60 nucleotides in length, in a reasonable agreement 
with the estimate made from the absorption spectra.  The size estimate must be 
considered approximate, however, until the identity of the RNA is determined. 
 
3.5 Functional Assays of V. cholerae Photolyase-like Proteins   
The data presented so far show that all three photolyase homologues of V. 
cholerae contain the two cofactor/chromophores found in the majority of 
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photolyases.  To find out if all three proteins functioned as photolyases as originally 
suggested (Heidelberg et al. 2000) we generated strains mutated in one or more of 
these homologues and tested them for photoreactivation.  As shown in Figure 2.10A 
insertional inactivation of Vcphr abolished photoreactivation completely, suggesting 
that of the three phr-like genes only this one encodes a photolyase.  In agreement 
with this conclusion, inactivation of Vccry1 and Vccry2 or of both had no effect on 
the photoreactivation of the mutant strains (Figure 2.10B).  Thus, we conclude that 
Vcphr encodes a photolyase and that Vccry1 and Vccry2, by definition (Sancar 
2000a; Sancar 2003) encode cryptochromes.  An interesting observation in Figure 
2.10A is that wild type V. cholerae is more UV-resistant than the VcPhr mutant even 
in the absence of photoreactivating light.  In fact, this is consistent with the “dark 
function” of photolyase as has been observed in E. coli and S. cerevisiae and is due 
to the stimulation of nucleotide excision repair by photolyase bound to UV 
photoproducts (Sancar 2000b). 
The finding that at a dose of 10 J/m2, where cyclobutane pyrimidine dimers 
constitute more than 90% of the UV photoproducts (Mitchell and Nairn 1989), 
photoreactivation completely eliminates the lethal photolesions in wild type but not in 
the VcPhr mutant (Figure 2.10) suggests that VcPhr is a cyclobutane photolyase.  
This conclusion was confirmed by carrying out in vitro photoreactivation assays with 
V. cholerae cell-free extracts.  As seen in Figure 2.11A cell-free extract from wild 
type V. cholerae reversed T<>T in a light-dependent reaction (lane 5) whereas 
extract from the VcPhr mutant did not (lane 3) indicating that V. cholerae has a 
single cyclobutane photolyase, which is encoded by the VcPhr gene. 
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 Since (6-4) photoproducts constitute a small fraction of the UV/lesions at low 
UV dose and about 20% of total lesions even at the highest UV dose used in vivo 
photoreactivation experiments (Figure 2.10) we were concerned that the 
photoreversal of these lesions may have escaped detection by the in vivo assay.  To 
address this concern we performed (6-4) photolyase assays with Vibrio cell-free 
extract.  The results (Figure 2.11B) indicate that V. cholerae lacks (6-4) photolyase 
activity in agreement with the in vivo data that elimination of cyclobutane photolyase 
by Vcphr mutation totally abolished biological photoreactivation in this organism.  
Finally, when the purified VcPhr, VcCry1, and VcCry2 proteins were tested in vitro, 
VcPhr behaved identically to E. coli cyclobutane photolyase whereas VcCry1 and 
VcCry2 lacked any DNA repair activity (data not shown).  However, we consider the 
data from the biological photoreactivation assay (Figure 2.10) and the photolyase 
assay with cell-free extracts (Figure 2.11) more compelling regarding the activities 
of these three proteins because photolyases expressed in heterologous systems are 
often inactive (Sancar 2003).  In conclusion, the data in this paper considered in its 
entirety lead us to conclude that of the three phr-like genes in V. cholerae only one 
encodes a cyclobutane photolyase.  The other two encode blue-light photoreceptors 
of unknown functions.  In agreement with the general criteria used in naming 
members of this family of proteins we have designated the three phr-like genes of V. 
cholerae Vcphr, Vccry1, and Vccry2, respectively. 
 
4. Discussion 
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 Photolyase/cryptochrome family proteins mediate light-dependent repair of 
UV damage in many organisms and a variety of near UV-blue light responses such 
as growth and differentiation in plants and circadian photoreception in plants and 
animals (Cashmore et al. 1999; Lin 2002; Sancar 2003; Todo 1999).  In addition to 
their roles in photorepair and phototransduction these proteins also perform light-
independent functions.  Photolyase stimulates excision repair of cyclobutane 
pyrimidine dimers (Sancar 2000b) and cryptochrome participates in the 
transcriptional feedback loop that entrains the molecular clock (Reppert and Weaver 
2001; Sancar 2003).  The structures and functions of photolyases have been studied 
in some detail (Sancar 2003).  In contrast, there is very limited information about the 
reaction mechanism of cryptochromes.  In particular, the primary photochemical 
reaction carried out by cryptochromes is currently unknown.  It has been argued that 
cryptochromes, which may function as photoreceptors in plants, are simply a 
component of the signal transduction pathway in photic responses of the circadian 
clock system in animals (Reppert and Weaver 2001).  It has also been suggested 
that although mammalian chromophores have lost their photoreceptive role, they 
have retained their FAD cofactor so that their transcriptional activity might be 
regulated by the redox status of the cell (Rutter et al. 2002).  The difficulty in 
obtaining cryptochromes of plant and mammalian origin in their native states (Lin et 
al. 1995; Malhotra et al. 1995; Ozgur and Sancar 2003) has made it problematic to 
test the various models for cryptochrome function in vitro.  Hence, the discovery of 
cryptochrome in bacteria (Hitomi et al. 2000; Ng and Pakrasi 2001)(this work) 
provides an opportunity to study its role in species more amenable to biochemical 
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analyses.  We believe the data presented in this study provides significant insight 
into the structure and function of cryptochromes.  Our main findings and their 
implications to the reaction mechanisms of cryptochromes in general are briefly 
recapitulated below. 
 
Cryptochrome Chromophore/Cofactors   
VcCry1 contains stoichiometric amounts of FAD and MTHF in most 
preparations.  The significance of this finding is discussed below.  
1) Oxidation states of FAD.  In all isolated cryptochromes from a variety of 
organisms ranging from A. thaliana (Lin et al. 1995; Malhotra et al. 1995) to humans 
(Hsu et al. 1996) to cyanobacteria (Hitomi et al. 2000) the flavin is in two-electron 
oxidized form.  The active form of flavin in photolyase is the two-electron reduced 
(FADH¯ or FADH2) form (Hitomi et al. 1997; Johnson et al. 1988a; Payne et al. 
1987). For that reason, the question arose as to whether photolyases and 
cryptochromes use the flavin for different mechanisms (Rutter et al. 2002).  
Currently, there is no in vitro assay for cryptochromes, making it impossible to 
directly answer this question.  Therefore, our finding that VcCry1 contains the flavin 
in the two-electron reduced form is strong evidence that all other native 
cryptochromes also contain the flavin in this form. We suggest that cryptochrome 
functions in a manner similar to photolyase, that is, by photoinduced electron 
transfer to a substrate.  In this regard, it should be noted that of the approximately 
dozen photolyases isolated and characterized to date, only the S. cerevisiae 
photolyase retains its flavin in the FADH¯ form after purification (Sancar et al. 
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1987b). All other photolyases are known to contain the flavin in this form in vivo 
(Payne et al. 1987) and are only active in this form in vitro (Sancar 2003).  Indeed, 
the discovery of the two-electron reduced form of flavin as the active form of the 
cofactor (Payne et al. 1987; Payne et al. 1990; Sancar et al. 1987a) played a crucial 
role in elaboration of a unified reaction mechanism for all photolyases (Sancar 
1987).  Consequently, the finding that VcCry1 contains a two-electron reduced FAD 
may be the first evidence that all cryptochromes may contain their flavin in this form 
and mediate photoinduced electron transfer reactions rather than ground-state flavin 
oxidation-reduction reactions. 
2) The second chromophore.  Methenyltetrahydrofolate and 5-deazariboflavin 
are referred to as second chromophores in photolyases because even though under 
limiting light conditions they may enhance the reaction rate 10-100-fold; they are not 
essential for enzymatic activity (Jorns et al. 1984; Sancar 1987).  The second 
chromophore in VcCry1 and VcCry2 is MTHF as it is for all other plant and animal 
cryptochromes characterized to date (Sancar 2003). Significantly, VcCry1 is the first 
cryptochrome that contains stoichiometric MTHF after purification and lends support 
to the previous reports on the presence of MTHF in plant and animal cryptochromes.  
We note, however, that our identification of the second chromophore in VcCry1 as 
MTHF is based on its spectroscopic and chemical properties.  For formal proof mass 
spectrometric analyses of the isolated co-factor is needed.  
In addition to V. cholerae, cryptochrome has so far been reported in only one 
other bacterium, the photosynthetic cyanobacterium Synecocystis sp. PCC6803 
(Brudler et al. 2003; Hitomi et al. 2000; Ng and Pakrasi 2001).  Synecocystis 
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contains two members of the photolyase/cryptochrome family which were named 
PhrA and PhrB, respectively (Ng et al. 2000).  When purified from its native source 
PhrA contains deazaflavin as a second chromphore and it is a cyclobutane 
photolyase (Sancar 1987).  PhrB was purified as a recombinant protein expressed in 
E. coli and it was reported that this protein, which has 38% sequence identity with 
VcCry1, may represent a new branch of the photolyase/cryptochrome family that do 
not have a second chromophore, based on the following arguments (Brudler et al. 
2003).  First, it was suggested that in Synecocystis PCC6803 PhrB neither the 
residues contacting the folate in the x-ray structure of E. coli photolyase nor the 
residues contacting the deazaflavin in the A. nidulans (Synecococus 6301) 
photolyase were conserved (Ng and Pakrasi 2001).  Second, the purified PhrB 
protein lacked the 440 nm absorption peak typical of deazaflavin but exhibited a 
major peak in the 380-390 nm region that was not assigned to a particular 
chromophore even though the protein was shown to contain FAD (Hitomi et al. 
2000).  Finally, the crystal structure of Synecocystis 6803 PhrB obtained by 
molecular replacement contained FAD but no second chromophore leading to the 
conclusion that in this class of cryptochromes the second chromophore may be 
distinct from folate and deazaflavin or absent altogether (Brudler et al. 2003).  Our 
results clearly show that VcCry1 does have a folate as the second chromophore and 
strongly suggest that all other members of this branch of the 
photolyase/cryptochrome family have second chromphores either in the form of 
folate or deazaflavin.  The PhrB protein of Synecocystis 6803 that was used for 
spectroscopic analysis (Hitomi et al. 2000) and for crystallography (Brudler et al. 
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2003) was made in E. coli, which does not synthesize deazaflavin.  In fact, when 
deazaflavin class photolyases are expressed in E. coli they contain only the FAD 
cofactor (Eker et al. 1990; Malhotra et al. 1992).  The FAD-containing protein can be 
readily supplemented with 5-deazaflavin to obtain holoenzyme (Malhotra et al. 
1992).  Hence, we strongly suspect that PhrB of Synecocystis 6803 is a deazaflavin-
containing cryptochrome as has been shown for the photolyase encoded by the 
phrA gene from the same organism (Brudler et al. 2003). 
 
RNA Associated with VcCry1 When we purify MBP-VcCry1 by amylose affinity 
chromatography the protein is invariably associated with RNA.  Of the 13 
photolyase/cryptochrome family members purified in our lab by this method VcCry1 
is the only one found to be associated with RNA.  The RNA appears to be 60-70 
nucleotides in length.  At present we do not know whether this is a unique RNA 
species or multiple species of the same approximate length bound to the 
cryptochrome.  Clearly, further characterization of the RNA is needed to answer this 
and related questions.  It must be noted, however, that of the three ligands (FAD, 
folate, RNA) bound to VcCry1, RNA is the one that dissociates most readily.  A 
passage through an anion exchange column under moderate ionic strength removes 
the RNA without significantly affecting the other two ligands.  Hence, it is possible 
that while folate and FAD function as chromophore/cofactors in VcCry1 RNA is 
actually a substrate.  In preliminary experiments, however, we have not observed 
any effect of light on the VcCry1-RNA complex.  Similarly, the low amount of VcCry1 
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currently available from V.cholerae has so far precluded determining whether 
VcCry1 purified from its native host is associated with RNA.   
 
Role of Cryptochrome in Vibrio Cholerae  V. cholerae is an enteric bacterium 
and therefore protected from light in its host. However, when it is in its natural 
aquatic environment or is being transmitted through water and foodstuff to its host it 
may be exposed to sunlight, which would impart both the harmful UV light and the 
photoreactivating near UV-visible light.  It is notable that V. cholerae relies more 
heavily on photolyase-mediated photorepair of UV damage than other enteric 
bacteria such as E. coli (Das et al. 1981). As a result, under the experimental 
conditions shown in Figure 2.10 it is rather difficult to observe photoreactivation in E. 
coli because under these conditions the UV photoproducts are eliminated by 
nucleotide excision repair and postreplication repair quite efficiently.  The genome 
sequence of V. cholerae reveals that although the organism does possess these 
repair systems (Heidelberg et al. 2000), apparently they are not as efficient in 
preventing cellular death by UV as they are in E. coli.  Thus, it is likely that 
photolyase plays an important role in survival of the V. cholerae species in nature.   
Whether or not the Vibrio cryptochromes play a light-dependent or a light-
independent role in its survival remains to be determined.  Under the experimental 
system used in our study, VcCry1 and VcCry2 have no effect on the survival of this 
organism.  However, the assay system used is rather artificial with a UV dose 
delivered in seconds followed by photoreactivating light delivered over a 60 min 
period.  It is conceivable that with a different UV/light exposure regimen the survival 
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benefit of VcCry1 and VcCry2 would manifest itself.  How cryptochromes may confer 
such a selective advantage is an interesting question.  We have found no evidence 
that they do so by aiding photorepair.  In contrast, it was reported that in 
Synecocystis 6803, even though the protein encoded by phrA was responsible for 
most of the photoreactivation activity, the phrB mutant also exhibited diminished 
photoreactivation of UV killing (Ng and Pakrasi 2001).  It was suggested that 
Synecocystis PhrB may function as a (6-4) DNA photolyase or cryptochrome.  
Synecocystis PhrB exhibits about 38% sequence identity to VcCry1 leading us to 
believe that the results we obtained with VcCry1 would be applicable to the 
Synecocystis 6803 PhrB as well.  Due to the fact that mutation of Vcphr eliminated 
all cyclobutane pyrimidine dimer activity in this organism, and because V. cholerae 
lacks (6-4) photolyase activity altogether (Figure 2.11B), we suggest that both the 
Vibrio protein and its Synecocystis equivalent are cryptochromes.  How 
cryptochrome might contribute to light-dependent UV survival in Synecocystis is not 
clear at present; but, our data indicates that it is not through a direct repair function 
of the PhrB cryptochrome.  We have considered the possibility that VcCry1 and 
perhaps other bacterial cryptochromes may aid survival by mediating phototaxis and 
enabling the bacteria to swim away from the harmful sunlight.  Even though V. 
cholerae appears to have a well-developed chemotaxis system (Heidelberg et al. 
2000) there are no reports on phototaxis in V. cholerae, and hence this conjecture 
needs experimental testing and verification. 
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Figure 2.1. Sequence homology among representative members of the 
photolyase/cryptochrome family.  Identical amino acids are boxed in yellow while 
block conservation and highly conserved residues are in green and blue, respec-
tively.  Sequence alignment was generated using the Vector NTI software program.  
Ec, E. coli; Vc, V. cholerae; Hs, humans; At, A. thaliana, Dm, D. melanogaster; PL, 
cyclobutane photolyase; (6-4) PL, (6-4) photolyase; Cry, cryptochrome.
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Figure 2.2.  Purification of V. cholerae  Phr-like proteins.  A, Overproduction and 
purification of VcPhr analyzed by SDS-PAGE (10% polyacrylamde) and Coomassie 
blue staining.  Lane 1, 200 μl of uninduced culture, lane 2, 200 μl of IPTG-induced 
cells; lane 3, cell-free extract (2 μl); lane 4, 10 μg of MBP-VcPhr purified through 
amylose resin. B, Purification of VcCry1. Lanes 1-4 represent samples from unin-
duced culture, an IPTG-induced culture, cell free extract and 10 μg purified MBP-
VcCry1, respectively, separated on a 10% SDS-PAGE and stained with C, Purifica-
tion of VcCry2.  In lane 1 to 4, uninduced culture, an IPTG-induced culture, cell free 
extract and 5 μg purified MBP-VcCry2 are analyzed on 10% SDS-PAGE and 
Comassie blue.
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Figure 2.3.  Absorption spectra of photolyase-like Vibrio proteins.  A, Absorp-
tion spectrum of the purified VcPhr.  The inset shows an expanded scale of the 
absorption in the 300 nm-600 nm range. B, Absorption spectrum of VcCry1 purified 
through amylose and DEAE resins.  Inset shows enlarged spectrum in the 300 
nm-600 nm range.  Note the residual absorption in the 420-480 nm region indicative 
the presence of some oxidized flavin in this particular preparation. C, Absorption 
spectrum of purified VcCry2.  The inset shows an enlarged absorption spectrum in 
the 300 nm-600 nm range.  Note the 430 nm peak of oxidized flavin and the 480 nm 
peak trailing up to 600 nm due to flavin neutral radical.
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Figure 2.4.  Fluorescence spectra of VcPhr.  A, Folate fluorescence.  The emis-
sion spectrum (broken line) was recorded with excitation at 380 nm, and the excita-
tion spectrum (solid line) was obtained for emission at 460 nm.  B, Flavin fluores-
cence.  The fluorescence spectra were recorded using excitation wavelength of 
440 nm for the emission spectrum (broken line) and emission wavelength of 520 
nm for the excitation spectrum (solid line). The emission and excitation spectrums 
were not calibrated.
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Figure 2.5.  Fluorescence spectra of VcCry1.  A, Folate fluorescence using 380 
nm excitation for the emission spectrum (broken line) and 460 nm emission for the 
excitation spectrum (solid line).  B, Flavin fluorescence monitored at 520 nm emis-
sion for the excitation spectrum (solid line) and emission spectrum (broken line) 
obtained with 440 nm excitation.  Note that the excitation spectrum for 520 nm is 
dominated by the MTHF excitation and presumed resonance energy transfer to the 
flavin.
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Figure 2.6.  Fluorescence spectra of VcCry2.  A, Emission spectrum recorded 
with 380 nm excitation wavelength.  Note that the spectrum is dominated by flavin 
emission at 520 nm with a minor folate peak in the 430-450 nm region.  B, Emission 
spectrum obtained with 440 nm excitation is characteristic of flavin fluorescence.  C, 
Excitation spectrum for emission at 520 nm matches the flavin absorption spectrum.
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Figure 2.7.  Absorption spectra of the chromophores released from V. chol-
erae photolyase homologues by heat denaturation.   A, VcPhr, B, VcCry1, and 
C, VcCry2.  The proteins were heat denatured at neutral pH and following removal 
of denatured protein by centrifugation, the absorption spectra were recorded.  
Upon release from the protein MTHF is converted to 10-formyltetrahydrofolate that 
no longer absorbs in the near-UV (26) and hence the spectra of denatured proteins 
are those of flavin only.
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Figure 2.8.  Absorption spectra of VcCry1 purified from E. coli or V. cholerae.  A, 
Absorption of MBP-VcCry1 purified from E. coli before denaturation (solid line) and 
after denaturation (broken line).  From the absorbance values of the native enzyme 
at 380 nm and of the released flavin in the denatured enzyme at 440 nm a stoichi-
ometry of MTHF: FAD of 1.2: 1 is calculated.  B, Absorption spectrum of MBP-
VcCry1 purified from V. cholerae.
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Figure 2.9.  The RNA ligand of VcCry1.  A, Absorption spectrum of VcCry1 
showing a 260 nm peak (solid line) after purification through amylose resin and 
a 280 nm peak (broken line) following passage of the affinity-purified material 
through a DEAE column.  B, Analysis of VcCry1-associated nucleic acid.  The 
nucleic acid was extracted from VcCry1 by phenol/chloroform, treated with 
RNaseA or DNaseI where indicated, and separated on 2% agarose gel and 
stained with ethidium bromide.  Lane 1, DNA size markers, length indicated in 
bp; lane 2, VcCry1-associated nucleic acid; lane 3, the nucleic acid treated 
with RNaseA; lane 4, the sample treated with DNaseI; lane 5, a 60-nt DNA 
oligomer treated with DNaseI; lane 6, the DNA oligomer used in lane 5.
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Figure 2.10.  Effects of VcPhr, VcCry1, and VcCry2 on UV killing and photo-
reactivation of V. cholerae.  Appropriate dilutions of stationary phase cultures 
were plated on LB agar and irradiated with 250 nm.  The plates were then either 
kept in darkness or exposed to photoreactivating light (λmax=366 nm) for 60 min 
at 22°C.  The plates were then incubated at 37°C for 16 hr, after which colonies 
were counted and relative survival was determined.  A, Role of VcPhr1.  Closed 
and open circles represent wild type cells without and with photoreactivation; 
closed and open triangles indicate Vcphr::kan mutant without and with photoreac-
tication, respectively.  The bars indicate standard errors of three independent 
experiments.  B, Roles of VcCry1 and VcCry2 in survival.  Closed symbols indi-
cate cells kept in dark, open symbols indicate cells exposed to photoreactivating 
light.  Circles, Vccry1::cam; triangles, Vccry2::tet; squares, Vcphr1::kan 
Vccry1::cam.  Bars indicate standard errors of three independent experiments.  
Note that there is no statistically significant difference between the survivals of the 
photoreactivated wild-type in Panel A and those Vccry mutants in Panel B.
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Figure 2.11.  Photolyase assays with V. cholerae cell-free extract.  A,  Assay for 
cyclobutane photolyase.  Cell-free extract was incubated with a 46-bp duplex con-
taining a T<>T in the center and either kept in darkness or exposed to photoreacti-
vating light, the duplex then was digested with MseI, which cuts repaired substrate, 
and was separated on a 8% polyacrylamide gel.  The numbers at the bottom indi-
cate the percentage of the 23-mer resulting from MseI digestion.  Where indicated, 
averages of three experiments ± standard deviation are given.  B, Assay for (6-4) 
photolyase.  Cell-free extracts (100 μg total protein) was incubated with a 46-bp 
duplex containing a T[6-4]T in the center and 32P radiolabel 4 nucleotides 5’ to the 
photoproduct, and kept in the dark or exposed to photoreactivating light as indi-
cated.  In lane 4 the extract was supplemented with 10 ng of Xenopus leavis (6-4) 
photolyase.  Following photoreactivation the DNA was treated with T4 DNA poly-
merase 3’ to 5’ exonuclease which digests unrepaired DNA up to the site of lesion 
(23-mer) and digests repaired DNA to mononucleotides. The digested DNA was 
separated on a 15% polyacrylamide gel.  The numbers at the bottom of each lane 
represent the percentage of radiolabel in the form of mononucleotide ± standard 
deviation of three independent experiments.
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CHAPTER 3
 
Evolution of the Photolyase/Cryptochrome Blue-light 
Photoreceptor Family: Identification of Class III Photolyase 
 
ABSTRACT 
Photolyase and cryptochrome comprise a family of structurally related blue-
light photoreceptors. Photolyase repairs UV damaged DNA and cryptochromes 
mediate a variety of growth and adaptive responses. Using a modified evolutionary 
trace analysis, we identified motifs of conserved residues unique to individual 
subclasses and mapped the motif locations on the appropriate tertiary structures. 
Through phylogenetic and biochemical analysis, we have identified a new class of 
CPD photolyase: class III photolyase. DASH cryptochromes are now reclassified as 
a novel class of photolyases. Also demonstrated is the ability of vertebrate 
cryptochromes to homo- and heterodimerize. In addition, we have traced the ancient 
origins of both vertebrate-like cryptochromes and plant cryptochromes to over 1 
billion years ago. 
1. Introduction 
Sunlight has been a constant adaptive force throughout evolution and is the 
most important energy source impacting the earth. Sunlight demonstrates both 
beneficial and harmful effects: thus, many organisms have developed biological 
clocks which organize their behavioral and physiological functions into rhythms 
entrained to the daily solar cycle observed on Earth via photoreceptive signaling in 
order to maximize the positive aspects of sunlight and to reduce the negative. 
Photoreceptors are used by organisms in a variety of ways to perceive light and 
environmental changes, and usually, they have evolved to absorb a particular 
frequency range of light. One such class of photoreceptors which is found 
throughout all kingdoms of life is the blue-light sensing photolyase/cryptochrome 
family of flavoproteins. 
Members of the photolyase/cryptochrome family contain two chromophores: 
the photoantenna pigment folate (in a limited cases deazaflavin), and the catalytic 
chromophore FAD. Photolyases evolved to act as a defense mechanism against UV 
irradiation by repairing UV induced cyclobutane pyrimide dimers and (6-4) 
photoproducts formed in DNA (Gehring and Rosbash 2003). As evolution 
progressed and other DNA repair systems evolved within organisms, the photolyase 
genes diverged to give rise to cryptochromes. Cryptochromes were originally 
discovered due to a high sequence homology to photolyase and were proposed to 
be photoreceptors when found to contain the same chromophores as photolyase 
(Sancar 2003). Cryptochromes do not have DNA repair activity but have both 
photoreceptive and light-independent functions which mediate many physiological 
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processes, such as, growth and development, circadian entrainment and regulation, 
and gene transcription. 
There are two types of photolyases characterized: Cyclobutane pyrimidine 
dimer (CPD) photolyase and (6-4) photolyase. CPD photolyases can be further 
classified into two classes based on their sequence similarity: class I and class II. 
The reaction mechanism of photolyase is well characterized (Sancar 2003). 
Independent of light, photolyase binds the UV photoproduct and then the 
photoantenna, MTHF, absorbs a photon of light which is transferred to the FADH- by 
energy transfer. Then, the FADH- transfers the electron to the dimer, cleaving it, and 
then the electron is returned, restoring the FADH- to its catalytically active form. To 
date, cryptochromes have been classified into four different subfamilies: insect, 
vertebrate, plant, and DASH. Cryptochromes exhibit 25-40% sequence identity to 
photolyase, however the majority of this homology is found in the FAD binding 
region. Cryptochromes also contain a c-terminal extension that is not seen in 
photolyase and contains no homology between the different subfamilies of 
cryptochromes. This extension has been found in some organisms to mediate 
phototransduction (Busza et al. 2004; Yang et al. 2000). Thus far, the photocycle of 
cryptochrome has not been determined. 
 High resolution crystal structures of three photolyases and two molecular 
replacement structures of a plant and DASH cryptochromes have revealed a root 
mean square difference of less than 2Å in the Cα backbones (Brautigam et al. 2004; 
Brudler et al. 2003; Komori et al. 2001; Park et al. 1995; Tamada et al. 1997). All the 
structures show an N-terminal α/β domain and a C-terminal α-helical flavin-binding 
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domain, which are connected by a long interdomain loop. Despite the retention of 
the two chromophores and the high degree of conservation of the tertiary structure 
we still do not understand why cryptochromes do not retain DNA repair activity. 
 With an abundance of new sequences available we performed a phylogenetic 
survey of the photolyase/cryptochrome family using a modified differential 
evolutionary trace method to identify conserved motifs or structural features that 
might be responsible for the difference in function between photolyases and 
cryptochromes. The evolutionary trace (ET) method is used to identify variation of 
amino acid sequence residues which correlates with evolutionary divergences 
(Lichtarge et al. 1996). Studies using the ET method have shown that residues 
identified and mapped on three-dimensional structures tend to correlate to binding or 
catalytic sites(Innis et al. 2000; Landgraf et al. 1999; Madabushi et al. 2002; 
Pritchard and Dufton 1999; Yao et al. 2003). Differential ET analysis removes 
residues which are identified on many evolutionary branches of a protein family from 
those which are found in a subset of branches. Thus, this method enables one to 
identify residues which are conserved on either one branch or a subset of branches 
and not the entire protein family (Sowa et al. 2000).   
Residues critical for binding or functional interactions are likely to be 
evolutionarily conserved and identifying these conserved regions could be important 
for identifying protein-protein binding sites or other functionally relevant sites. 
Residues involved in protein interactions or at catalytic site are less like to vary over 
time because of the evolutionary pressure resisting mutation. By mapping the 
conserved motifs we identified and were able to visualize these areas of evolutionary 
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important residues and identify where they locate within the structure of the protein. 
In the present study the researchers identified a new class of CPD photolyase, Class 
III, which appears to be the progenitor of plant cryptochromes. Also, identified are 
two possible catalytic motifs which characterize Class I and III photolyases, and 
DASH cryptochromes. Thus, we propose that DASH cryptochromes are actually 
photolyase. In addition, we have identified homo- and heterodimerization between 
vertebrate cryptochromes. Additionally, we identified multiple conserved motifs in 
many of the subfamilies and have traced the presence of vertebrate–like 
cryptochromes to more than a billion years ago. 
 
2. Materials and Methods 
Database Searches and Alignments 
Most sequences were identified using Genbank (www.ncbi.nlm.nih.gov) and 
Swiss-Prot and TrEMBL (us.expasy.org/sprot) using protein sequences from known 
members of the photolyase/cryptochrome family. Searches were done with the 
default parameters. Some sequences were also retrieved from the Ensembl genome 
browser (http://www.ensembl.org) using BLASTN and the default parameters using 
the hCRY1 DNA coding sequence against all annotated complete genomes. 
To find proteins from the photolyase/cryptochrome family in distantly related 
organisms whose genomes are not completely sequenced we used discontiguous 
MEGA BLAST to retrieve sequences from the GenBank Trace Archives at NCBI 
(http://www.ncbi.nlm.nih.gov/blast/tracemb.shtml). The hCRY1 DNA coding sequence 
was compared against non-annotated genomic DNA reads using the cross species 
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MEGA BLAST using default parameters. The Tblastx alignments of the nucleotide 
hits were examined for protein-protein similarities. All full length sequences and their 
accession numbers used in this study are listed in Appendix 2. 
Multiple sequence alignments were made using CLUSTALW server at EBI 
and visualized using ESPript 2.2 (Gouet et al. 2003). Multiple alignments were also 
constructed using MultAlin (http://prodes.toulouse.inra.fr/multalin/multalin.html) 
(CORPET 1988). Phylogenetic analysis and visualization of phylogenetic trees was 
done in MEGA 3.1(Kumar et al. 2004). A nearest neighbor algorithm using 1000 
bootstrap replicates was done for both the tree in Figure 3.1 and Appendix 1. In 
Figure 3.1 nodes with less than 50% bootstrap support for all phylogenetic trees 
were condensed. The phylogenetic relationships shown by neighbor-joining were 
also supported by the maximum parsimony method. 
 
Modified Evolutionary Trace Method to Identify Conserved Regions 
MultAln (http://prodes.toulouse.inra.fr/multalin/multalin.html) has a consensus 
sequence output derived from multiple alignments which we used to identify regions 
that were conserved in an individual subfamily or group of subfamilies corresponding 
to a particular function (i.e. CPD photolyases), but that were not conserved across 
the whole photolyase/cryptochrome family (CORPET 1988). In addition to motifs 
unique to individual subfamilies, conserved motifs found in similar functional types of 
proteins but different subgroups were also identified (i.e. Class I and Class III 
photolyases motifs III and IV) since these motifs would possibly have functional 
relevance. The motifs were taken from a representative group of proteins from each 
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subgroup and entered into the program Weblogos 
(http://weblogo.berkeley.edu/logo.cgi) to create the logos of the motifs (Crooks GE 
2004). The height of each individual character is proportional to its frequency at a 
position, whereas the relative height of each stack of characters in the logo indicates 
sequence conservation at that position. The number of sequences used to create 
the logos varied based on the number of full length sequences that were available: 
Class I photolyases (32 seq.), Class III photolyases (39 seq.), DASH cryptochromes 
(13 seq.), Bilateral cryptochromes (30 seq.), and Plant cryptochromes (14 seq.). 
When the number of full length sequences exceeded the number of sequences 
used, we chose representative sequences across the entire subfamily. Motifs and 
logos were not created for (6-4) photolyases and insect cryptochrome because of 
the limited number of sequences available. Class II photolyases were not included in 
this analysis because of their extreme divergence of this subfamily from the rest of 
the photolyase/cryptochrome family. 
 
Bacterial Strains and Plasmids 
The E. coli strain UNC523F’lacI6 (phr::kan uvrA::Tn10) was used as the host 
strain for expressing the V. cholerae and C. crescentus photolyase/cryptochrome 
proteins (Malhotra et al. 1995). The V. cholerae 01 El Tor was obtained from Dr. 
Fıtnat Yıldız (University of California, Santa Cruz).  The C. crescentus CB15 strain 
was obtained from American Type Culture Collection (ATCC). The expression vector 
pMal-c2 was purchased from New England Biolabs. The bacterial strains were 
maintained at -80°C in Luria-Bertani broth (LB) supplemented with 15% (v/v) 
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glycerol.  Cultures were grown at 37°C in LB unless specified otherwise. When 
antibiotics were used they were included in culture media at the following 
concentrations: ampicillin, 100 μg/ml. 
 
Cloning of V. cholerae and C. crescentus genes into expression vectors 
The cloning of V. cholerae phr (AAF95971) and cry1 (AAF94962) genes has 
been described previously (Worthington et al. 2003). The C. crescentus phr 
(AAK23409) gene was amplified by colony PCR using primers based on published 
genomic sequence (Nierman et al. 2001)  and the amplified genes were inserted into 
pMal-c2 (New England Biolabs).  The resulting plasmids express the C. crescentus 
Phr protein fused to the carboxy-terminal end of the maltose binding protein (MBP) 
encoded by the malE gene of pMal-c2. The V. cholerae plasmids were named 
pUNC2001 (MBP-VcPhr), pUNC2002 (MBP-VcCry1) (Worthington et al. 2003). The 
C. crescentus plasmid was named pMal-CCPL (MBP-CcPhr).  The cloned genes 
were completely sequenced to ensure that no mutation was introduced during PCR 
amplification. 
 
Purification of V. cholerae and C. crescentus Photolyase/Cryptochromes 
The purification of VcPhr and VcCry1 was previously described (Worthington 
et al. 2003). We transferred pUNC2001, pUNC2002, and pMal-CCPL, respectively, 
into E. coli UNC523. Briefly, to purify VcPhr, UNC523/pUNC2001 was grown in LB 
at 37°C to A600=0.6 at which point isopropyl-β-D thiogalactoside (IPTG) was added 
to 0.3 mM and the incubation was continued for an additional 16 h at 22°C. The cells 
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were harvested by centrifugation and cell-free extract (CFE) was prepared by 
sonication, followed by ultracentrifugation. The CFE was applied to an amylose resin 
column. Following washing the protein was eluted with maltose as described by the 
manufacturer. Fractions containing MBP-VcPhr were identified by SDS-PAGE and 
Coomassie Blue staining. VcCry1 was purified in a similar manner. However, 
UNC253/pUNC2002 cells were grown at 25 °C before and after IPTG induction. 
CcPhr was expressed and purified in the same manner as VcCry1. Fractions 
containing photolyase/cryptochrome were combined and dialyzed against storage 
buffer that contained 50 mM Tris-HCl pH 7.5, 100 mM NaCl, 1 mM EDTA, 5 mM 
dithiothreitol and 50% (v/v) glycerol. 
 
Mammalian and Insect Expression Constructs 
The cloning of pcDNA4/FMH-hCry1 and hCry2 (C-terminal Flag, myc, His) 
constructs have been described previously (Ozgur and Sancar 2003). To clone 
pcDNA4-HA-hCry2Δ103 (N-terminal HA) the gene minus the last 103 amino acids 
was amplified by PCR from pUNC1996-2 (Hsu et al. 1996) hCry2 full length clone 
with the HA tag added in the forward oligo and a stop codon added after the coding 
sequence to eliminate the vector myc and His tags. The FLAG-zCRY3 was 
expressed by the zCry3 Δ1PEST construct, which is missing 50 amino acids from 
the C-terminus. Both zCRY3 and ZCRY4 were amplified by RT-PCR (Clonetech 
OneStep RT-PCR kit) from total RNA isolated from embryonic zebrafish Z3 cell line 
and cloned into pcDNA4 (Invitrogen) with a C-terminal FLAG tag added by PCR. 
The baculoviral expression construct was made using the pFastBac HTa (His6 tag). 
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The His6-hCry2 has a single N-terminal His6 tag and the construction was described 
previously (Partch et al. 2005). All clones were verified by sequencing. 
 
Spectroscopic Analysis 
The absorption spectra were recorded with a Shimadzu UV-1601 
spectrophotometer. In CcPhr, the methenyltetrahydrofolate (MTHF) absorption at 
370-400 nm was present. To determine the presence of flavin, the holoproteins were 
heated at 95°C for 5 min in buffer containing 50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 
5 mM EDTA, 1 mM DTT, and the precipitated protein was removed by 
centrifugation. When MTHF is released from the enzyme the 5-10 methenyl bridge 
responsible for the 380 nm absorption band is broken at neutral pH to generate 10-
formyltetrahydrofolate which does not absorb at λ>300 nm and hence does not 
contribute to the near-UV spectrum of the cofactors (Johnson et al. 1988a). The 
absorption spectrum in the 300-700 nm range was recorded; however, there was no 
presence of flavin. It was attempted to determine the presence of flavin by 
florescence spectroscopy, but the results were no different from the absorption 
spectra (data not shown). 
 
Photolyase Assays 
Purified MBP-VcPhr and MBP-VcCry1 was tested for cyclobutane photolyase 
activity by coupled enzyme assays. In the assay testing for CPD photolyase activity, 
a radiolabeled substrate containing T<>T at the MseI restriction site (TTAA) and is 
consequently refractory to cutting by the restriction enzyme, was first treated with the 
purified proteins and then the restriction enzyme. The fraction of the DNA cut by 
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MseI following the photoreactivation treatment is a measure of the extent of 
photorepair (Zhao et al. 1997). The substrate used for this assay had the following 
sequence (only top strand is shown) and its preparation has been described 
previously (Hsu et al. 1996): 
CTGCGTCTAGATGCTTAAGGAAT<>TAAGGACGTGGCCTAGGGCGATC. In the 
photolyase assays, 0.1 nM final concentration of substrate was mixed with either 0.5 
nM MBP-Vc-Phr or 0.5µM MBP-VcCry1 in reaction buffer containing 20 mM Tris-
HCl, pH 7.5, 200 mM NaCl, 5 mM EDTA, 5 mM DTT and 10% glycerol (v/v). The 
reaction was either kept in the dark or was exposed to photoreactivating light 
(filtered through two glass plates) at 4°C for 0, 5, and 10 min. Then the DNA 
substrate was extracted with phenol/chloroform, precipitated with ethanol, 
resuspended in restriction enzyme buffer, and digested with 10 units of MseI for 90 
minutes at 37°C. The reaction products were electrophoresed on 5% non-denaturing 
polyacrylamide gel and the level of repair was determined using a PhosphoImager 
(Molecular Dynamics Inc.). 
 
Nucleotide Binding Assay 
Electrophoretic mobility shift assay (EMSA) was used to investigate the ability 
of VcCry1 to bind dsDNA, ssDNA, and RNA. Both DNA and the RNA was a random 
sequence. For the DNA substrate, a 5’-labeled random sequence synthetic oligomer 
alone or after annealing to a complementary oligomer was used to determine 
binding to single- or double-stranded DNA. The dsDNA was 45-nt and the ssDNA 
was 60 nt. The RNA substrate, was internally labeled with α-32P [CTP], transcribed 
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from the T3 promoter of the pBSK+ vector (Stratagene) cut with EcoRV. This gives a 
75-nt RNA. A total reaction volume of 25µL contained MBP-VcCry1 (o.4 µM) mixed 
with either 1.6 nM dsDNA, 10 nM ssDNA, or 9.3 nM RNA in the final reaction buffer 
containing: 17.5 mM Tris-HCL, pH 7.4, 50 mM NaCl, 0.2 mM EDTA, 1 mM DTT, 0.1 
µg/µL BSA, and 10% glycerol (v/v) for 20 min at 25 oC. The complexes were 
separated on a 5% nondenaturing polyacrylamide gel in 0.5X TBE (25 mM Tris-
borate, pH 7.9, 0.6 mM EDTA). Electrophoresis was carried out at 4 oC for 3-4 
hours. The protein-DNA complexes were visualized by autoradiography. 
 
Photoreactivation 
UNC523 and UNC523 transformed with pMal-CCPL were grown in LB at 
37°C for 16 hrs. One control experiment was done with UNC523/pMal-c2 with no 
change in the survival rate; therefore, the data was combined with the results 
obtained for UNC523. General Electric germicidal lamp GT5 emitting mainly at 254 
nm was the UV source, and photoreactivation was carried out with a Sylvania 
F15T8/BLB black light emitting mainly 366 nm. The UV and black light fluences were 
measured using a UVX Digital Radiometer (Ultraviolet Products Inc.) fitted with the 
appropriate sensors. The titers of the stationary phase cultures were typically 1-3 x 
109 cells/ml. Stationary phase cells were centrifuged and resuspended in a 10-fold 
dilution of phosphate buffered saline (PBS). Then 1 mL of culture was irradiated at 
254 nm with a fluence of 0, 5, and 10 J/m2 at a fluence rate of 0.1 Jm-2s-1. The 
samples were halved and put in 6-well Petri dishes with the lids on and subjected to 
photoreactivation treatment. For photoreactivation the plates were covered with the 
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plastic cover of the Petri dish and two layers of window glass to filter out radiation 
below 300 nm. The dark sample was wrapped in foil to prevent exposure to the 
black light. Photoreactivation was carried out for 120 min at a fluence rate 1.25 Jm-
2s-1. Dilutions were made in phosphate buffered saline and plated on LB agar plates 
in duplicate for each UV or UV plus photoreactivation treatment. Photoreactivation 
experiments were done under GE “Gold” fluorescent light to prevent uncontrolled 
photorepair. Following UV and photoreactivation treatments the plates were 
incubated in dark at 37°C for 16 hrs and then the colonies were counted and 
survivals relative to non-irradiated controls were calculated. Experimental results are 
from three independent experiments. 
 
Expression and Purification of His6-hCry2 from Sf21 Insect Cells  
The purification of His6-hCry2 was described previously (Partch et al. 2005) 
Briefly, the baculoviruses were produced according to the Bac-to-Bac protocol 
(Invitrogen) and all viral stocks had a final titer of approximately 1 x 109 pfu/mL. Sf21 
cells were inoculated and the expressed His6-hCry2 was purified by affinity 
chromatography using Ni-NTA resin, eluted with imidazole, dialyzed into storage 
buffer (PBS + 10% glycerol), and stored at –80 oC as per the manufacturer’s 
protocol. 
 
Expression and Purification of FLAG-hCry2 from HEK 293T Cells 
FLAG-hCry2 was purified from transiently transfected HEK 293T using anti 
FLAG affinity resin, left on the beads, and stored on ice at 4 oC and used within two 
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days of purification. Approximately 8 x 105 293T HEK 293T cells were plated in 5 mL 
of 10% DMEM-H 24 in a 60 mm culture dish 24 hours prior to transfection. Three 
dishes were transfected with either 4 ug pcDNA4-hCry2 with a C-terminal FLAG and 
myc tag or 4ug of empty vecto using FuGENE’s protocol (Roche). The cells were 
harvested in 48 hrs, washed in PBS, lysed in 1 mL NP-40 lysis buffer, and then 
clarified with a 10 min 14K spin at 4 oC. The supernatant was incubated with 30 µL 
of activated anti-FLAG M2 affinity resin and rotated overnight at 4 oC. The beads 
were washed once with NP-40 wash buffer (10 mM Tris-HCl, pH 7.4, 0.05% NP-40, 
150 mM NaCl, 1 mM EDTA), once with NP-40 high salt wash buffer (10 mM Tris-
HCl, pH 7.4, 0.05% NP-40, 1 M NaCl, 1 mM EDTA), and then again with NP-40 
wash buffer. The resin was brought to 100 µL with fresh NP-40 wash buffer and 10 
µL mock and hCry2 slurry (10% of purification) was run on 8% SDS-PAGE gel and 
silver stained to assess purity and relative concentration. 
 
In vitro analysis of hCry2 Homodimerization by Pulldown Assay 
Pulldown assays were performed by mixing 15 µL anti-FLAG M2 resin 
(Sigma) mock or  bound to FLAG-hCry2 with purified His6-hCry2 (2 µL) and 485 µL 
NP-40 lysis buffer (50 mM Tris, pH 7.4, 250 mM NaCl, 5 mm EDTA, 1% NP-40) to 
0.5ml total volume (50ul was saved for 10% input). The mixture was rotated at 4 oC 
overnight, washed 3X in NP-40 wash buffer, and the bound fractions were run on an 
8% SDS-PAGE gel, followed by a western blot probing with anti-His and then anti-
FLAG. 
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Analysis of Bilateral Cry Dimerization by Co-immunoprecipitation. 
HEK 293T cells were plated at 4 x 105 density in 2 mL 10% DMEM-H in 6 well 
plates and transfected with 1 µg of each indicated DNA vector according to the 
FuGENE protocol. The cells were harvested 48 hrs after transfection, washed with 
PBS, and lysed in 500 µL of NP-40 lysis buffer (50 mM Tris, pH 7.4, 250 mM NaCl, 5 
mm EDTA, 1% NP-40) and clarified with a 10 min 14K spin at 4 oC (25µL was saved 
for input). The supernatants were incubated with 15µL of the indicated resins and 
rotated overnight at 4oC. The anti-FLAG M2 resin was activated according to 
manufacturer’s protocol (Sigma) and the anti-HA resin was used as is. The beads 
were then washed 3x with NP-40 wash buffer (10 mM Tris-HCl, pH 7.4, 0.05% NP-
40, 150 mM NaCl, 1 mM EDTA) separated with 4K rpm spins at 4oC. All bound 
fractions were run on an 8% SDS-PAGE gel, followed by a western blot probing with 
anti-His and then anti-FLAG. 
 
Structures 
The E. coli (1DNP), Synechocystis (1NP7_B), and A. thaliana (1U3C) crystal 
structures were used to structurally map the conserved motifs and predicted coiled-
coil domains (Brautigam et al. 2004; Brudler et al. 2003; Park et al. 1995). The 
computer modeled hCRY2 structure, described previously, was also used (Ozgur 
and Sancar 2003).  The program Pymol was used to view the PDB structures and to 
create the structural images (DeLano 2002). 
 
Coiled-Coil Domain Prediction 
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To predict the presence of coiled-coil domains we used the program Coils 
(http://www.ch.embnet.org/software/COILS_form.html), which calculates the 
probability that an amino acid sequence will adopt a coiled-coil conformation {Lupas, 
1991 #1017. This program compares the input sequence to a database of known 
parallel two-stranded coiled-coils and derives a similarity score. We analyzed ten 
members of the bilateral and ten members of the plant cryptochrome subgroups and 
averaged the similarity scores of the ten input sequences. Any area with a peak of 
>0.5 is considered significant and any region >0.2 was defined as a predicted coiled-
coil domain. The average location of the mean coiled-coil domains was mapped on 
the indicated structure. 
 
3. Results 
3.1 Phylogeny of the Photolyase/Cryptochrome Family 
Figure 3.1 shows a neighbor-joining phylogenetic tree showing the different 
subfamilies of the photolyase/cryptochrome family in a representative group of 
organisms. A full radiating tree showing more than 200 members from this protein 
family is found in Appendix 1. These subfamilies are named by convention, noting 
three exceptions. We have identified a new subfamily and based on published 
reports of photoreactivation by some of the organisms in this subfamily, homology to 
class I photolyases, and photoreactivation from a member of this subfamily shown in 
this report, we propose to name this subfamily Class III photolyases. The organisms 
marked by asterisks are some in the Class III photolyase subfamily in Figure 3.1 
with published reports of photoreactivation (Barbe et al. 1987; Bender 1984; Duarte 
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et al. 2004; Held and Kutzner 1991; Knudson 1985; Knudson 1986). Also, a recent 
report identifies a new subgroup of insect cryptochromes, which are highly 
homologous to vertebrate cryptochromes, insect Cry2 (Zhu et al. 2005). Both the 
insect Cry2 and vertebrate Cry subfamily shared a common ancestor prior to the 
bilaterian split of vertebrates and insects. Therefore, we propose to name this larger 
subfamily encompassing insect cryptochrome 2 and vertebrate cryptochrome, 
bilateral cryptochromes. The phylogenetic trees show Class III photolyase as the 
closest relative of plant cryptochromes. Also, there is a small group that branches off 
the DASH class that we propose to call DASH-related. The (6-4) photolyase 
subfamily is the closest photolyase relative to bilateral cryptochromes and the Class 
II CPD photolyases are distinctly different from the core cluster of the rest of the 
family. 
 
3.2 Class I and Class III Photolyases 
Using a modified evolutionary trace method we found 4 motifs in Class I 
photolyases (Figure 3.2A). Motifs I-II are located in the first half of the primary 
sequence and motif III-IV are located in the second half (Figure 3.2B). When these 
motifs are mapped onto the tertiary structure of E coli photolyase, all of the motifs 
mapped front face of the protein (Figure 3.2C) (Park et al. 1995). All the motifs 
appear to map to the general area of the active hole leading to the FAD, with motifs 
III and IV mapping to the rim of the hole and down into the tunnel containing FAD. 
Interestingly, when we looked at the new subgroup, Class III photolyases, we found 
they also contained four motifs with motifs III and IV being highly homologous to 
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motifs III and IV of Class I photolyases (Figure 3.3A). These two motifs are located 
on the primary structure in a similar location to the comparable Class I photolyase 
motifs (Figure 3.3B), whereas, class III motifs I and II are located towards the N-
terminus and aren’t homologous to any of the Class I motifs. When class III motif I 
and II are mapped onto the structure of E. coli photolyase, motif I maps to the back 
side of the protein and motif II maps to a small location of the front of the protein 
which is not close to the active hole (Figure 3.3C). Motifs III and IV of both Class I 
and III photolyases are highly homologous to each other and map to almost identical 
locations on the rim and down into the tunnel leading to the FAD. We will refer to 
these two motifs the “photolyase catalytic” motifs due to their localization around the 
catalytic site in Class I and Class III photolyases. 
Due to the high degree of similarity between motifs III and IV in both Class I 
and Class III photolyases and the published reports of photoreactivation we cloned 
the gene from, Caulobacter crescentus, a member of the Class III subfamily and 
tested it for photolyase activity. 
 
3.2.1 Purification of C. crescentus Class III photolyase  
We cloned the C. crescentus phr-like gene into the pMal-c2 vector to express 
the corresponding proteins in E. coli UNC523 fused with MBP to aid in solubility and 
purification of the recombinant protein. The protein overexpressed when induced 
with IPTG and the CcPhr was soluble and purified by affinity chromatography on 
amylose resin. Figure 3.4A shows the overexpression and purification of MBP-
CcPhr as analyzed by SDS-PAGE. As apparent from these figures, after the affinity 
purification step the protein had one contaminating band. This contaminating band 
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runs at the size of maltose binding protein (MBP) and is most likely the result of early 
termination of translation, which is a common problem in this system. Since free 
MBP would not affect our spectroscopic analysis we proceeded to the appropriate 
spectroscopic and enzymatic analyses to determine the presence of folate and 
flavin. 
 
3.2.2 Spectroscopic Properties 
At present, every characterized member of the photolyase/cryptochrome 
contains FAD as an essential cofactor. Additionally these proteins contain a second 
cofactor, which is methenylthtrahydrofolate (MTHF) in most cases and 5-
deazariboflavin in a limited amount of cases (Cashmore et al. 1999; Sancar 2003; 
Todo 1999). These enzymes exhibit a major absorption peak at 375-410 nm due to 
MTHF and either an additional peak at 440 nm due to FADox or several peaks at 
480, 580, and 625 nm, due to flavin blue neutral radical, FADH° (Sancar 2003). 
Figure 3.4B shows the absorption spectra of CcPhr. The absorption 
spectrum of CcPhr displays a major peak at 390 nm. This spectrum is consistent 
with the presence of MTHF in this protein, though; there was no indication of the 
presence of flavin. This observation is not uncommon in non-denatured proteins 
from this family since folate tends to dominate the absorption spectra if it is the 
cofactor is in greater abundance. To determine the presence of flavin we heat 
denatured the protein. Upon denaturizing, the methenyl bond of MTHF is broken to 
generate 10-formyltetrahydrofolate and the released flavin is oxidized and can no 
longer no longer absorb at λ>300 nm and will reveal the typical FAD absorption 
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spectrum if flavin is present. In this case, there appeared to be no flavin present 
(Figure 3.4C). 
 
3.2.3 Functional Assays of C. crescentus Class III Photolyase 
The data presented so far shows the recombinant C. crecentus Class III 
photolyase contains folate but no flavin. As a consequence we could not perform in 
vitro DNA repair assays since the recombinant protein was missing the catalytic 
cofactor. Thus, we tested the gene for photolyase activity using an in vivo UV 
photoreactivation assay. The presence of pMal-c2/CcPhr in UNC523 the  phr-, uvrA- 
E. coli cell line, which is deficient in photoreversal activity, resulted in an increase in 
the UV resistance after photoreactivation, relative to UNC523 cells alone (Figure 
3.4D). Two experiments were done with UNC23 alone and one with UNC523/pMal-
c2. There was no difference in photoreactivation with the presence of the vector. (6-
4) photoproducts constitute a small fraction of the UV/lesions at low UV dose and 
about 20% of total lesions even at the highest UV dose. Therefore, the in vivo 
photoreactivation experiments with this amount of increased survival suggest that 
CcPhr displays photorepair activity for CPDs in vivo. The small amount of survival 
seen in photoreactivated UNC523 cells has been published before (Husain and 
Sancar 1987). The cause of this is unknown but does not affect the conclusions 
drawn from the amount of survival seen imparted by CcPhr. 
 
3.3 DASH Cryptochromes 
In Figure 3.5A we found four conserved motifs in the DASH subfamily. Figure 
5B shows the location of these motifs in the primary sequence. When we mapped 
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these motifs onto the tertiary structure of Synechocytis DASHCry (1NP7_B), all of 
the motifs mapped to the front face of the protein (Figure 3.5C) (Brudler et al. 2003). 
Although, all the motifs mapped to the general area of the active hole, motifs III and 
IV map to the rim of the active site hole and down into the tunnel containing FAD. To 
our surprise, DASH motifs III and IV had significant homology and structural 
localization to the “photolyase catalytic” motifs of Class I and III photolyases. 
 
Figure 3.6 shows the ability of VcCry1, which is a DASH, to bind dsDNA, ssDNA, 
and RNA as analyzed with an electrophoretic mobility shift assay (EMSA). To 
confirm the CPD photolyase activity of VcCry1, the recombinant VcCry1 protein 
expressed in E. coli was purified and its DNA binding activity and enzymatic activity 
were tested in vitro. Figure 3.6B shows in the presence of a 46-bp duplex 
oligonucleotide containing a central T<>T and over the course of a 10 min 
photoreactivation there is an increase in repair, as shown by the appearance of a 
21-mer with both VcPhr and VcCry1. The amount of repair by VcPhr at 0.5 nM is 
approximately 25% and with a 1000 fold higher concentration of VcCry1 (0.5µM) 
approximate 1% of the dimer is repaired. 
 
3.4 Cryptochromes 
3.4.1 Plant Motifs 
Figure 3.7A shows the six motifs found in the plant cryptochrome subfamily. 
Figure 3.7B is a schematic showing the location of the motifs in the primary 
sequence. When the motifs are mapped onto the tertiary structure of A. thaliana 
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Cry1 (1U3C), three of these motifs map to the back face and three map to the front 
face of the protein (Figure 7C) (Brautigam et al. 2004). While motif IV and V map to 
the rim of the catalytic hole the rest of the motifs appear to map to the sides and 
back face of the structure. 
 
3.4.2 Bilateral Motifs 
Figure 3.8A shows the six motifs of varying lengths in the bilateral 
cryptochrome subfamily. Figure 3.8B shows a schematic with the location of the 
motifs in the primary sequence. When the motifs are mapped onto the tertiary 
structure of the computer generated model of human CRY2, only motifs III and V 
partially touch the rim of the active site hole (Ozgur and Sancar 2003). The other 
four motifs map to the back and sides of the protein (Figure 3.8C). Motif VI maps to 
the c-terminus of the PHR homology domain. 
 
3.4.3 Bilateral Cryptochrome Dimerization 
We investigated bilateral cryptochrome dimerization because of recent 
reports of homodimerization by plant cryptochromes (Sang et al. 2005), and the 
presence of six conserved motifs, which could possibly be dimerization interfaces. 
To address the question of bilateral cryptochrome, homo-, or heterodimerization 
we co-transfected cells with hCRY2Δ103 and either hCRY1, hCRY2, zCRY3, or 
zCRY4. The following, hCRY1, hCRY2, zCRY3, are all members of the bilateral 
subgroup. Cryptochrome, zCRY4, was chosen as a negative control because it is 
the closest non–photolyase relative to bilateral cryptochromes. The bilateral motifs I 
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and II are not conserved in zCRY4 and motifs III-VI retain less than 50% 
conservation. Appendix 1 shows a radiating phylogenetic tree of the 
photolyase/cryptochrome superfamily with zCry4 highlighted in red. Hence, we 
hypothesized if dimerization was a conserved function of bilateral cryptochromes 
and dependent on conserved sequence and structural regions then zCRY4 would 
not bind bilateral cryptochromes because the conserved bilateral motifs are either 
not conserved or partially conserved. Our testing involved the process of 
immunoprecipitation of the hCRY2 Δ103 and subsequent immunoblotting with HA 
and FLAG antibodies. In doing so it was found that hCRY2 homo and 
heterodimerizes with other bilateral crys and that there a large reduction of binding 
to zCRY4. The reciprocal immunoprecipitation of hCRY1, hCRY2, and zCRY4 
showed greater binding of hCRY2 Δ103 to hCRY1 and hCRY2 than to zCRY4. For 
some unknown reason the overall amount immunoprecipitated by HA was less than 
that of FLAG. Perhaps this has to do with the location of the fusion tags. The FLAG 
is located on the c-terminus and the HA is located on the N-terminus. To 
demonstrate direct binding we purified FLAG-hCRY2 from transfected HEK 293T 
cells using anti-FLAG agarose and run on an 8% SDS-PAGE gel to assess purity 
and estimate concentration (Figure 3.9C). In this case the protein was left bound to 
the resin. His6-hCRY2 was purified from Sf21 insect cells and purified by affinity 
chromatography over a nickel column and run on an 8% SDS-PAGE gel to assess 
purity and estimate concentration (Figure 3.9D). The interaction of FLAG-hCRY2 
bound to anti-FLAG resin and His6-hCRY2 was analyzed by incubating the proteins 
together overnight , washing the beads three times, and then running them on a 8% 
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SDS-PAGE gel and analyzing then by anti-HA and anti-FLAG antibodies. The input 
was 10% of the total reaction. Figure 3.9E shows binding of His6-hCRY2 to the resin 
bound FLAG-hCRY2 and no binding to beads alone. 
 
3.5 Coiled-Coil Domains 
Coiled-coil domains are a commonly recognized as a dimerization motif 
(Kohn et al. 1997). Our data showing bilateral cryptochrome dimerization combined 
with recent reports of a coiled-coil domain in mouse cryptochrome led us to 
investigate the presence of this domain in other members from this protein family 
(Chaves et al. 2006). We used the program Coils to predict the probability of where 
the amino acid sequence would adopt a coiled-coil conformation (Lupas et al. 1991). 
A 10 member subset of representative sequences from either bilateral or plant 
cryptochromes was averaged to obtain the mean similarity scores. Areas with a 
peak of >0.5 was considered significant and the surrounding region >0.2 was 
defined as a predicted CC domain. We found three predicted coiled-coil (CC) 
domains (Figure 3.10A) for the bilateral cryptochromes which are located in the n-
terminus, centrally, and in the c-terminus (Figure 3.10B). We found two predicted 
coiled-coil (CC) domains (Figure 3.10d) for the plant cryptochromes which are 
located in the n-terminus and the c-terminus (Figure 3.10E). The predicted CC 
domains for bilateral or plant cryptochromes were mapped on either the hCRY2 or 
AtCry1 structure, respectively. We also looked at other members of the 
photolyase/cryptochrome family and found that they all contained a predicted n-
terminal CC domain, but that the c-terminal CC domain was almost exclusively 
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found in bilateral, plant, and insect cryptochromes (data not shown). Additionally, 
zCRY4 was predicted to have a c-terminal coiled-coil domain in a similar location 
(data not shown). 
 
3.6 Evolution of Cryptochrome in Plants and Animals 
The recent identification of vertebrate-like cryptochrome sequence in the 
honey bee genome indicated that vertebrate cryptochromes dated back to a time 
before the bilaterian animal split. We used the highly conserved bilateral 
cryptochrome motif in Figure 3.11A to trace the gene ancestry of this subfamily. 
Since Bilateral cryptochromes are thought to have evolved from (6-4) photolyases 
we pulled out many sequences from the databases which appeared to be bilateral 
cryptochromes, (6-4) photolyases, and hybrid sequences (proteins which contain 
equal similarity to both the bilateral and (6-4) subfamilies). The highly conserved 
bilateral motif which was used to search the databases is shown in Figure 3.11A 
and the corresponding (6-4) photolyase sequence is shown in Figure 3.11B. Figure 
3.11C shows a multiple sequence alignment region containing the conserved motifs 
color coded as bilateral cryptochromes or (6-4) photolyases by homology to known 
proteins in the individual subfamilies. We have identified proteins homologous to 
bilateral cryptochrome members in the fungi, P. pachyrhizi and S. nodorum and a 
bilateral/(6-4) hybrid sequence in the cnidarian, N. vectensis. Additionally, we found 
many (6-4) photolyases in a variety of higher organisms, but most notably we 
identified a (6-4) photolyase in the cyanobacteria, G. violaceus, which is boxed in 
red. The proposed model of photolyase/cryptchrome metazoan evolution is shown in 
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the species phylogeny tree (Figure 3.11D). Additionally, a plant-like cryptochrome 
was identified in the red algae, C. merolae. 
 
4. Discussion 
We have carried out an investigation of the photolyase/cryptochrome 
superfamily of proteins using a modified evolutionary trace method to identify 
conserved residues of the different classes or subclasses that may be involved with 
critical binding or functional interactions. In addition, we identified a new subgroup, 
class III photolyases, and demonstrated the CPD photolyase activity of a member of 
this subgroup. We also showed the homo-and hetero dimerization of bilateral 
cryptochromes and propose a model of photolyase/cryptochrome metazoan 
evolution. 
Functional residues are likely to be evolutionarily conserved. Therefore 
identifying regions of conservation may aid in identifying protein-protein binding sites 
and other functionally relevant or active sites. We wanted to use this analysis to 
ascertain whether various classes or individual subfamilies shared identical surfaces 
and conserved motifs to identify potential common functions. The evolutionary Trace 
method combines both sequence and structural information to identify the location 
and specificity of functional sites in proteins, which can aid in targeted mutagenesis 
and in understanding protein function at the molecular basis. Protein structures 
derived from a common ancestor are incredibly similar and often only have less than 
2 Å variations in the backbone even when sequence identity falls to 25% (Chothia 
and Lesk 1986). The photolyase/cryptochrome family has an average sequence 
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identity between family members of approximately 30% and the current crystal 
structures from the three class I photolyases, a DASH, and a plant cryptochrome are 
nearly superimposable. 
 
Photolyase/DASH Class Conserved Motifs. 
Class I and Class III photolyases share two conserved motifs, III and IV, not 
only in sequence but in structural location (Figures 3.2 and 3.3). These two motifs 
are located around and in the active site ‘hole’ which indicates the functional 
importance of these motifs in the catalytic function of photolyases. 
When the class III photolyase subfamily was initially identified                                                
as a new subfamily with unknown function it appeared to have high homology to 
plant cryptochromes followed by homology to class I photolyases (Partch and 
Sancar 2005). The organisms composing this subfamily were found to be primarily 
bacterial and had two conserved motifs which closely resembled the class I 
photolyase motifs III and IV. After doing a literature search we found reports of 
photoreactivation in bacteria with proteins members of this new subfamily (Barbe et 
al. 1987; Bender 1984; Duarte et al. 2004; Held and Kutzner 1991; Knudson 1985; 
Knudson 1986). Thus, we tested the C.cresentus photolyase-homolog protein for 
photoreactivation and demonstrated it was a CPD photolyase (Figure 3.4). This 
evidence suggests all members of this subfamily, which we named class III 
photolyases, are CPD photolyases. 
When we compared the class I photolyase motifs to published crystal 
structures we found that residues from Motifs II, III, and IV (Figure 3.2) are involved 
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in polar interactions with the FAD (Park et al. 1995). The two motifs, III and IV, in 
class III photolyases appear as though they would also be involved in FAD 
interactions when mapped on the E. coli photolyase structure (Figure 3.3)XXX. 
These motifs, in class I and III photolyases appear important for FAD binding, 
making them important for catalysis; therefore, we referred to them as the catalytic 
motifs. Interestingly, motifs III and IV from the DASH subfamily resembled the 
photolyase catalytic motifs. When these motifs were mapped on the Synechocystis 
DASH crystal structure (Brudler et al. 2003) residues in DASH motifs I, III, and IV 
were shown to interact with FAD. The identification of conserved residues which 
interact with FAD in both photolyase and DASH subfamilies serves as a “proof of 
principle” of this method of identifying functionally important residues since FAD is 
necessary for both DNA binding and catalysis. 
Members of the DASH subgroup of cryptochromes have shown small 
amounts of both in vivo photoreactivation and in vitro repair of CPD dimers (Figure 
2.10) (Daiyasu et al. 2004; Hitomi et al. 2000; Ng and Pakrasi 2001). Also, there 
have been reports of the ability of VcCry1 to repair of damaged RNA (McDowell-
Buchanan 2006). Currently, the function and substrate of the DASH subfamily is not 
known. Nevertheless, based on motif conservation and reports of UV damaged 
nucleotide repair we propose that members of the DASH subgroup are in fact 
photolyases and not cryptochromes. The current assays quite conceivably are 
testing with the wrong substrates and/or the wrong conditions. The presence of 
DASH members in a wide variety of organisms such as, fungi, virus, bacteria, plant, 
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and non-mammalian vertebrates indicate an evolutionary force to conserve DASH 
subfamily members in many lineages indicating a true function. 
Based on the very limited amount of available sequences, DASH-related 
members do not contain homologous motifs to the DASH or photolyase subfamilies. 
The VcCry2 is the only report of biochemical and genetic analysis of a member of 
the subgroup (Worthington et al. 2003). There is no known function for the DASH-
related subfamily. 
 
Cryptochrome Conserved Motifs 
Figures 3.7 shows six conserved motifs in plant cryptochromes located on 
both the front and back face of the proteins. Figure 3.8 shows six conserved motifs 
in bilateral cryptochromes located on both the front and back face of the proteins. 
None of these motifs have any sequence similarity between the two subfamilies. 
Both plant and bilateral cryptochromes each have two motifs which map to the 
region around the FAD hole. Yet, these motifs are not in similar locations on the 
primary sequence. Motifs I and II of both plant and bilateral crys are in similar 
locations on the primary sequences and these motifs in both subfamilies appear to 
form a larger combined patch on the back of the protein. These two motifs may 
represent a structural convergence of a function active site between plant and 
bilateral crys, such as, a dimerization motif. In addition, both plant and animal 
cryptochromes have predicted coiled-coil domains located at the c-terminal of the 
PHR-homology domains. Generally, coiled-coil domains are known to mediate 
dimerization (Kohn et al. 1997). The n-terminal coiled-coil domain appears to be 
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present in the entire photolyase/cryptochrome family (data not shown) and was 
previously reported to be a feature of photolyase (Patterson and Chu 1989). 
However, we found the predicted c-terminal CC region only in plant, bilateral, and 
insect cryptochromes subfamilies (figure 3.10). This CC region in bilateral 
cryptochromes contains part of the conserved bilateral motif VI, whereas, the 
primary sequence of the plant CC domain is not as highly conserved. AtCry1 was 
shown to homodimerize in a light-independent manner (Sang et al. 2005), however, 
the binding surface mediating dimerization was not identified. Based on this report of 
homodimerization by a plant cryptochrome, the structural conservation of the 
individual motifs I and II in plant and bilateral crys, and the conserved putative c-
termini CC domain we investigated dimerization of bilateral cryptochromes. 
We showed that bilateral cryptochromes can homodimerize and 
heterodimerize with other members of the bilateral subfamily (Figure 3.9). However, 
binding was greatly reduced in the closest non-bilateral protein, zCRY4. zCRY4 
does not contain the conserved bilateral motifs I and II, but does contain a predicted 
c-terminal coiled-coiled domain which shares approximately 50% homology to the 
relevant bilateral region(data not shown). Perhaps one or a combination of these 
conserved regions is responsible for the dimerization seen in bilateral 
cryptochromes. 
Other reported functions of cryptochromes involve binding and signaling with 
the c-terminal tail. Mouse Cry1 amino acids (aa) 371-606, a region containing a 
section of the c-terminal of the PHR domain, the c-terminal coiled-coiled region, and 
the c-terminal tail, is necessary for CLOCK/BMAL1 repression (Chaves et al. 2006). 
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Also, based on the work done by Hirayama et al none of the conserved motifs 
shown in Figure 3.8 is required for interaction or repression of 
CLOCK/BMAL1(Hirayama et al. 2003). Additionally, the c-terminal tail extension of 
both hCRY2 and AtCry1 are found to bind to their respective PHR domains (Partch 
et al. 2005) and the cryptochrome c-terminal tail has been shown to mediate 
phototransduction in both plant and insect cryptochromes (Busza et al. 2004; Rosato 
et al. 2001; Yang et al. 2000). It is possible that some of these conserved regions 
could represent binding site/s of the c-terminal tails found in almost all 
cryptochromes. Conserved motifs around the active sight, reminiscent of photolyase, 
might speak to a conserved role that is kept in cryptochromes even if it hasn’t been 
identified. 
When doing a study such as this, a large number of sequences increase the 
accuracy of this method. Therefore, we did not do an in depth analysis of insect 
cryptochromes motifs because of the small number of sequences available. Yet we 
did visually examine the limited sequences we had to see if there was any evidence 
of possible motifs or coiled-coil domains (data not shown). When the available 
sequences were aligned with both plant and animal cryptochromes and visually 
inspected the insect subfamily appeared to contain conserved motifs in the same 
location as motif I and II of the other cryptochromes but with different sequences. 
Furthermore, this group was also predicted to have a c-terminal coiled-coiled 
domain. 
 
Photolyase/Cryptochrome Ancient Phylogeny 
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The presence of the protein subgroups in different species can give insight 
into evolution and function of these members. Figure 3.11 is a species phylogeny 
tree showing the presence of individual subclasses in different taxa. One key feature 
is the presence of bilateral cryptochromes in fungi. This indicates that bilateral 
cryptochromes predate the fungi/animal split between 1-1.5 billion years ago (bya) 
and are much older than previously described (Douzery et al. 2004; Heckman et al. 
2001). Until now, the latest report placed bilateral cryptochrome at the bilateria split 
approximately 750 million years ago (mya) (Conway Morris 2000; Hausdorf 2000; 
Zhu et al. 2005). Another feature to note is the presence of plant cryptochromes in 
both plants and red algae. The split of green plants and red algae occurred 
approximately 0.8-1.2 mya (Douzery et al. 2004; Heckman et al. 2001). Based on 
our phylogenetic analysis plant cryptochromes evolved from Class III photolyases 
and bilateral cryptochromes evolved from (6-4) photolyases (Figures 3.1, 3.11, and 
Appendix 1). Also, the presence of insect cryptochromes only in the Ecdysozoan 
lineage (450 mya) and the phylogenetic analysis implies that insect cryptochromes 
evolved either from (6-4) photolyases or from bilateral cryptochromes. The 
appearance of a (6-4) photolyase-like sequence in the cyanobacteria, G. violaceus is 
the first evidence of a (6-4) photolyase in prokaryotes and dates (6-4) photolyases to 
approximately 3.5 bya. From our limited analysis of insect cryptochromes they 
appear to have slightly higher homology to bilateral cryptochromes than (6-4) 
photolyases, appear to contain conserved motifs/domains in similar locations as 
bilateral cryptochromes, and contain a c-terminal tail, albeit a short one. As more 
insect specie genomes are sequenced the evolutionary history of this subgroup will 
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become clearer. Nonetheless, if insects did evolve from bilateral cryptochromes, it 
would offer support to the idea of bilateral cryptochromes being photoreceptors. If 
bilateral cryptochromes evolved from (6-4) photolyases then it is very unlikely that 
bilateral cryptochromes lost their photoreceptor function only to regain it in the insect 
cryptochrome lineage. 
Bilateral and plant cryptochromes evolved from different progenitors, yet both 
have conserved motifs with no sequence homology between the subfamilies in 
structurally similar locations, have c-terminal tail extensions, and predicted coiled-
coil regions at the c-terminal end of the PHR homology domain. If these features 
represent functionally active or binding sites then this might represent an example of 
functional convergence.  There are reported cases of convergent evolution resulting 
in structural and functional similarities even in the absence of sequence similarity 
(Stebbins and Galan 2001). 
Although, residue conservation is not completely indicative of, or a perfect 
predictor of protein/functional interface sites, it is good place to start to look for 
function since there is an evolutionary driving force conserving these residues. Using 
the data from this study, the conserved and potentially critical residues could be 
targeted in mutational studies to investigate disruption of function. Seeing as these 
residues are not conserved in photolyase, which has an extremely similar structure, 
then it would be unlikely that these residues are necessary for protein structural 
stability. 
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Figure 3.1. Phylogenetic tree of the photolyase/cryptochrome family. A 
neighbor-joining phylogenetic tree of the phr/cry family with subfamily names indi-
cated on the right. The tree was generated and visualized using MEGA 3.1 
(Kumar et al. 2004). Bootstrap values were obtained from 1000 replicates and 
nodes with <50% bootstrap support were condensed. The scale bar represent 
evolutionary distance. Aterisks next to specie names in Class III photolyase 
represent published data for photoreactivation (Barbe et al. 1987; Bender 1984; 
Duarte et al. 2004; Held and Kutzner 1991; Knudson 1985; Knudson 1986)
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Figure 3.2. Sequence and structural localization of conserved regions in Class 
I photolyases. A, Logos of conserved regions, I-IV, from Class I photolyases gener-
ated using the program Weblogos (Crooks et al. 2004). The height of each individual 
character is proportional to its frequency at a position, whereas the relative height of 
each stack of characters in the logo indicates sequence conservation at that posi-
tion. The amino acid number of these regions in E. coli photolyase (acc.# 
BAA35367) and the corresponding color assigned to each region is listed under 
each logo. B, Schematic of the location of each logo on the primary sequence of E. 
coli photolyase. C, Location of conserved regions mapped onto the crystal structure 
of E. coli photolyase (1DNP) (Park et al. 1995). The active site zoom shows the FAD 
in yellow.
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Figure 3.3. Sequence and structural localization of conserved regions in Class 
III photolyases. A, Logos of conserved regions, I-IV, from Class III photolyases 
generated using the program Weblogos (Crooks et al. 2004). The amino acid 
number of these regions in E.coli photolyase (acc.# BAA35367) and the corre-
sponding color assigned to each region is listed under each logo. B, Schematic of 
the location of each logo on the primary sequence of E. coli photolyase. C, Location 
of conserved regions mapped onto the crystal structure of E. coli photolyase (1DNP) 
(Park et al. 1995). The active site zoom shows the FAD in yellow.
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Figure 3.4.  Caulobacter crecentus Class III photolyase in vitro and in vivo 
analysis. A, Overproduction and purification of C.crecentus Phr analyzed by SDS-
PAGE (10% polyacrylamide) and Coomassie blue staining. Lanes 1-4 represent 
protein molecular weight marker, uninduced culture, IPTG-induced culture, and 
purified MBP-CcPhr. B, Absorption of MBP-CcPhr purified from E. coli through 
amylose. Note the absorbance maximum in the 375-410 nm region which is indica-
tive of the presence of folate. C, Absorbance after denaturation of MBP-CcPhr. 
Absorbance in the 420-600 nm region would be indicative of either oxidized or neu-
tral radical flavin. D, Effect of ccPhr on UV killing and photoreactivation of E. coli 
UNC523 and UNC523 cells carrying the pMAL-CcPhr vector. Diluted stationary 
phase cultures were irradiated with 254 nm. Then the cells were either kept in dark-
ness or exposed to photoreactivating light (λmax = 366nm) for 120 min. Appropriate 
dilutions were then made and plated on LB plates. The plates were incubated at 37 
C for 16 h, after which colonies were counted and relative survival was determined. 
Closed and open squares represent UNC523 cells without and with photoreactiva-
tion. Closed and open triangles represent UNC523 carrying the pMAL-CCPL with-
out and with photoreactivation. The error bars indicate standard deviation of three 
individual experiments.
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Figure 3.5. Sequence and structural localization of conserved regions in DASH 
cryptochromes. A, Logos of conserved regions, I-IV, from DASH cryptochromes 
generated using the program Weblogos (Crooks et al. 2004). The amino acid 
number of these regions in Synechocystis CryDASH (acc.# 1NP7_B) and the corre-
sponding color assigned to each region is listed under each logo. B, Schematic of 
the location of each logo on the primary sequence of Synechocystis CryDASH. C, 
Location of conserved regions mapped onto the crystal structure of Synechocystis 
CryDASH (1NP7_B)(Brudler et al. 2003). The active site zoom shows the FAD in 
yellow.
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Binding of MBP-VcCry1 to dsDNA, ssDNA, and RNA. VcCry1 (0.4 nM) was incu-
bated with either a 5’-labeled 45-nt long double-stranded DNA (1.6 nM), a 
5’-labeled 65-nt long single-stranded DNA, or a internally-llabeled 75-nt long RNA 
and then the complexes were separated on a 5% nondenaturing polyacrylamide 
gel. B, Cyclobutane photolyase assay showing the CPD specific repair activity of 
VcPhr and VcCry1. The 46-bp duplex oligonucleotide (0.1 nM) containing a cen-
trally located T<>T was incubated with either 0.5 nM VcPhr or 0.5 µM VcCry1 and 
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Figure 3.7. Sequence and structural localization of conserved regions in Bilateral 
cryptochromes. A, Logos of conserved regions, I-VI, from Bilateral cryptochromes gener-
ated using the program Weblogos (Crooks et al. 2004). The height of each individual charac-
ter is proportional to its frequency at a position, whereas the relative height of each stack of 
characters in the logo indicates sequence conservation at that position.The amino acid 
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each logo on the primary sequence of human cryptochrome 2. C, Location of conserved 
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Figure 3.8. Homo and Heterodimerization of bilateral cryptochromes. A, Interaction of 
hCRY2 with the bilateral cryptochromes hCRY1, hCry2, and zCRY3 and the most homolo-
gous non-bilateral relative, zCry4. HEK 293T cells were cotransfected with HA-
hCRY2∆103 and either FLAG-hCRY1, FLAG-hCRY2, FLAG-zCRY3, FLAG-zCRY4, or 
vector. The immunoprecipitates were obtained with  anti-FLAG agarose, run on 8% SDS-
PAGE, and were analyzed by western blotting using anti-FLAG and anti-HA antibodies. 
Five percent of cell extract was used for the imput. B, Interaction of hCRY2 with the bilat-
eral cryptochromes hCRY1, hCRY2, and  zCRY4. HEK 293T cells were cotransfected with 
HA-hCRY2∆103 or vector and either FLAG-hCRY1, FLAG-hCRY2, FLAG-zCRY3, or 
FLAG-zCRY4. The immunoprecipitates were obtained with  anti-HA agarose and analyzed 
by western blotting using anti-HA and anti-FLAG antibodies. Five percent of cell extract 
was used for the imput. C, Purification of FLAG-hCRY2. HEK293T cells were transfected 
with either vector or FLAG-hCRY2. Purification of FLAG-hCry2 from HEK 293T cells with 
anti-FLAG agarose. Protein was left on the beads and was run on 8% SDS-PAGE and 
silver stained. The asterick indicates antibody heavy chain. D, Purified His6-hCRY2 from 
Sf21 insect cells were run on 8% SDS-PAGE and silver stained. E, Interaction of His6-
hCRY2 and FLAG-hCRY2. FLAG-hCRY2 bound to anti-FLAG resin (C) was incubated with 
His6-hCRY2 (D), washed, run on 8% SDS-PAGE, and analyzed by western blot using 
anti-HA and anti-FLAG antibodies. Input was 10% of total protein.
E
99
C‘active site’ zoom
Front Back
Side
Side
B
A
Back Face
0
1
2
3
4
sti
b
N
1
A
K
E
2
D
E
3
D
E
4
G
5
P
H
Q
6
T
Y
F
7
H
L
Y
8
P
9
G
0
1
R
1
1
V
2
1
S
3
1
R
4
1
W
5
1
W
CAtCry1 48-64 (Yellow)
0
1
2
3
4
sti
b
N
1
E
2
S
N
D
3
K
D
E
4
D
A
L
S
5
E
6
R
E
K
7
P
S
G
8
S
9
N
0
1
S
A
1
1
S
L
2
1
L
3
1
T
R
G
A
4
1
K
R
5
1
S
G
A
6
1
W
7
1
Q
A
S
8
1
P
9
1
G
0
2
W
CAtCry1 198-210 (Hot Pink)
AtCry1 101-121 (Orange)
0
1
2
3
4
b
it
s
N
1
G
2
A
3
S
T
4
R
H
K
Q
5
I
L
V
6
V
F
7
Y
F
8
N
9
H
10
L
11
Y
12
D
13
P
14
I
L
V
15
S
16
L
17
V
C
Front Face
AtCry1 290-295 (Green)
AtCry1 313-321 (Red)
0
1
2
3
4
b
it
s
N
1
S
P
2
L
3
L
4
Y
A
S
N
G
5
N
H
6
L
7
R
K
8
H
Y
F
9
Y
F
C
AtCry1 401-417 (Blue)
0
1
2
3
4
b
it
s
N
1
Y
2
I
3
T
S
4
G
5
T
S
6
I
L
7
P
8
D
9
S
G
10
R
H
11
K
E
12
F
L
13
Y
S
E
D
14
R
15
L
I
16
D
17
D
N
C
0
1
2
3
4
b
it
s
N
1
Y
F
2
M
L
3
K
R
4
G
A
S
5
I
6
G
7
F
L
8
R
9
E
10
Y
11
S
12
R
C
Figure 3.9. Sequence and structural localization of conserved regions in plant crypto-
chromes. A, Logos of conserved regions, I-VI, from plant cryptochromes generated using 
the program Weblogos (Crooks et al. 2004). The amino acid number of these regions in 
Arabidopsis thaliana cryptochrome 1 (acc.# AAB28724) and the corresponding color 
assigned to each region is listed under each logo. B, Schematic of the location of each logo 
on the primary sequence of A. thaliana cryptochrome 1. C, Location of conserved regions 
mapped on the crystal structure of AtCry1 (1U3C)(Brautigam et al. 2004). The active site 
zoom shows the FAD in yellow.
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Figure 3.10. Predicted mean coiled-coil regions in bilateral and plant cryptochromes. Using 
the program COILS the predicted coiled-coil (CC) regions of 10 members of each subfamily was 
determined. The mean score from the 10 input sequences was used to determine the mean CC 
regions for each subfamily. A significant region is defined as having a peak score >0.5 and the whole 
region range is defined as the area with a score >0.2. A, Graphical output of the mean scores for 
bilateral cryptochromes. B, Schematic with the predicted mean CC regions plotted on hCRY2. The 
red is the N-terminal CC region (bCC-NT) and corresponds to residues 53-90 , the yellow is the 
middle CC region (bCC-M) and corresponds to residues 213-245 , and the purple is the C-terminal 
CC region (bCC-CT) and corresponds to residues 478-512. C, Computer-generated structural 
model of hCRY2 with the predicted CC regions plotted on the cartoon and surface representations. 
D, Graphical output of the mean scores for plant cryptochromes. E, Schematic with the predicted 
mean CC regions plotted on AtCry1. The red is the N-terminal CC region (pCC-NT) and correspond 
to residues 52-73 and the purple is the C-terminal CC region (pCC-CT) and corresponds to residues 
467-502. F, Crystal structure of AtCry1 (1U3C) with the predicted CC regions plotted on the cartoon 
and surface representations.
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H.sapiens Cry1        ADWSINAGSWMWLSCSSFFQQFFHCYCPVGFGRRTDPN
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S.purpuratus Cry1a    ADWSVNAGMWIWLSCSSFYQQFFHCYCPVKFGRRTDPN
E.scolopes Cry        ADWSVNAGMWMWLSCSSFFQQFFHCYCPVGFGKRIDPN
N.vectensis           AEWSLNASNWLWLSCSSYVHGAVPWYCPVEVGKKVDPT
D.rerio (6-4)         SDWSLNAGNWQWLSASTFFHQYFRVYSPIAFGKKTDKH
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Figure 3.11.  Evolution of cryptochrome in plants and animals. A, Logo of con-
served bilateral motif which was used to search the databases for homologous 
proteins in related and distantly related organisms. B, Logo of same region in (6-4) 
photolyases. Logos generated using the program Weblogos (Crooks et al. 2004).  
C, ClustalW alignment of multiple species showing bilateral cryptochromes and 
(6-4) photolyase sequences. Highlighted area contains most of the conserved 
bilateral motif and surrounding residues. E, Species Phylogeny tree indicating the 
presence of a subgroup from the photolyase/cryptochrome protein family. The 
marine and green colored dots represent the earliest branch point of bilateral and 
plant cryptchromes, respectively.
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CHAPTER 4
 
Final Discussion 
 
 
 
Light is a driving force of evolution. Organisms have evolved many 
systems to use sunlight and to mitigate its harmful effects. The Precambrian 
period was characterized by an atmosphere with low oxygen concentration, no 
ozone layer, and high levels of UV irradiation (Gehring and Rosbash 2003). 
During this time life was confined to the oceans and organisms developed the 
blue-light photoreceptor DNA repair enzyme, photolyase, to survive the high 
levels of UV irradiation. Photolyases eventually gave rise to cryptochromes as a 
means of behavioral responses to sunlight since blue-light is the only wavelength 
of light which can travel into the depths of the ocean. The basic sensing of the 
solar day as a UV or predator avoidance system eventually evolved into the 
molecular clock; a complex mechanism of organisms being able to anticipate the 
solar cycles and entrain their biological and physiological processes to the solar 
day (Gehring and Rosbash 2003) 
Cryptochrome has been demonstrated to act as a photoreceptor in the 
model systems Drosophila and Arabidopsis. However, mammalian 
cryptochromes have not been shown to act as a photoreceptor. The reaction 
mechanism of cryptochromes is hypothesized to be similar to photolyase, but 
there is still no cryptochrome photocycle. The DASH subfamily was first 
discovered in synechocystis and was labeled as the first bacteria cryptochrome 
(Brudler et al. 2003; Hitomi et al. 2000). Around this same time the V. cholerae 
genome was published and three photolyase/cryptochrome family members were 
identified. The biochemical and genetic characterization of the three proteins is 
shown in Chapter 2. I found V. cholerae contained a CPD photolyase and one 
DASH and one DASH-related genes. All three of these proteins purified with both 
folate and flavin. Mutation of VcCry1 and VcCry2 had no effect on 
photoreactivation (Figure 2.10). In Chapter 3, I present data demonstrating 
VcCry1 having small amounts of CPD photolyase activity. This is consistent with 
other reports of DASH proteins having small amounts of in vitro CPD photolyase 
activity or in vivo photoreactivation (Daiyasu et al. 2004; Hitomi et al. 2000; Ng 
and Pakrasi 2001). 
Synechocystis DASH structure and the Arabidopsis cryptochrome 1 
structure were published in 2003 and 2004, respectively (Brautigam et al. 2004; 
Brudler et al. 2003). These structures were found to be almost superimposable 
with the three published photolyase structures (Komori et al. 2001; Park et al. 
1995; Tamada et al. 1997). This led us to the question of what makes photolyase 
and cryptochrome have such different functions if their tertiary structures are so 
similar. With many new genome sequences becoming available, I present a 
phylogenetic analysis of the photolyase/cryptochrome family in Chapter 3 with 
the identification of evolutionary conserved amino acid motifs in the different 
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photolyase/cryptochrome subfamilies and the location of these conserved 
regions mapped on relevant structures. 
A new subfamily was identified, and it was not known whether its 
members were photolyases or cryptochromes (Partch and Sancar 2005). In 
Chapter 3 I show in vivo photoreactivation evidence that the Caulobacter 
cresentus member of this novel subfamily is a CPD photolyase. I also show the 
conservation of two motifs which are highly homologous to Class I photolyases 
and are located around the active site and contain residues involved in FAD 
binding. Based the photoreactivation data and motif sequences conservation 
presented in Chapter 3 and publish reports of photoreactivation of organisms 
with members in this subfamily, I proposed this new subfamily to be named Class 
III photolyases (Barbe et al. 1987; Bender 1984; Duarte et al. 2004; Held and 
Kutzner 1991; Knudson 1985; Knudson 1986).  
Class I and Class III CPD photolyases have two “catalytic” motifs located 
in and around the active hole which are highly homologous to two similar motifs 
in the DASH subfamily. The shared catalytic motifs and the DASH photolyase 
activity both published and shown in Chapter 3 lead me to propose that the 
DASH subfamily is a novel photolyase (Daiyasu et al. 2004; Hitomi et al. 2000; 
Ng and Pakrasi 2001). If DASH subfamily is in fact composed of photolyases, 
that might be one reason why there was limited success finding regulated genes 
in the microarray analysis (Appendix 3, 4). 
Chapter 3 shows bilateral and Plant cryptochromes were each found to 
have six unique motifs. With two motifs in each subfamily having different 
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sequences but sharing similar locations on the back of the protein structure 
forming a larger conserved region. Additionally, all cryptochrome subfamilies 
were found to have a predicted coiled-coil domain at the c-terminus of the 
photolyase-like homology domain. Also presented is evidence of homo- and 
heterodimerization of bilateral cryptochromes. Additionally, bilateral 
cryptochrome and plant cryptochrome were both traced back to their ancient 
origins reaching back to over a billion years ago. It appears that plant and 
bilateral cryptochromes evolved from different progenitors so the structural 
conserved motifs in addition to the evolution of a c-terminal tail in both lineages 
may represent an example of structural convergence. 
In conclusion, if DASH cryptochromes are photolyases then it begs the 
question of what do they repair? They appear in a diverse set of lineages, so 
most likely they are functionally relevant proteins. Do they repair damaged RNA, 
damaged ssDNA, or a novel photoproduct and what is the biological relevance of 
their function? Further investigations are needed to determine their specific 
substrate and photocycle. Also, what structural regions or residues mediate plant 
and bilateral cryptochrome dimerization, will the mechanisms of dimerization be 
similar, and is dimerization of bilateral cryptochromes functionally relevant? 
Answering these questions would bring greater understanding the 
photolyase/cryptochrome family of protein 
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Gene/Organism Name Accession #
A.capillus-veneris Cry1 BAA32810
A.capillus-veneris Cry2 BAA32811
A.capillus-veneris Cry3 BAA32812
A.capillus-veneris Cry4 BAA88425
A.capillus-veneris Cry5 BAA88426
A.fumigatus EAL87872 
A.gambiae Cry EAA01270
A.gambiae Cry2 EAA44753
A.gambiae Phr EAA10141 
A.mellifera Cry2 XP_393680
A.nidulans YP_399131
A.pernyi Cry AAK11644
A.rusticana Cry2 BAC67177
A.thaliana (6-4) Phr NP_566520  
A.thaliana Cry1 AAB28724 
A.thaliana Cry2 AAL16379
A.thaliana DASH NP_568461
A.thaliana Phr NP_849651
A.tumefaciens AAL42229
A.vinelandii ZP_00416105
AcinetobacterSp.ADP1 CAG68060
Arthrobacter ZP_00412147
B.ambifaria ZP_00688329 
B.anthracis Ames ZP_00393396 
B.aphidicola BAB13009
B.cenocepacia ZP_00461961
B.cepacia ABB09082
B.cerus AAP10079
B.firmus 2017201A
B.flavum AAK64295
B.fungorum Phr ZP_00280927
B.japonicum BAC50575 
B.linens ZP_00378974
B.mallei AAU49686
B.oryzae BAD18969
B.pseudomallei CAH36352 
B.taurus Cry1 XP_616063
B.taurus Cry2 XP_585942
B.tryoni AAU14170
Appendix 2. Photolyase/Cryptochrome Family Genes 
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Gene/Organism Name Accession #
B.vietnamiensis ZP_00420939
C.atlanticus HTCC2559 ZP_00951397
C.aurantiacus EAO60601
C.auratus P34205
C.burnetii AAO90685
C.crescentus AAK23409
C.diphtheriae CAE48617
C.efficiens BAC17457
C.familiaris Cry2 XP_540761
C.glutamicum BAB98023
C.hutchinsonii ZP_00308901
C.merolae CMA044
C.merolae CMJ130
C.pelagibacter AAZ22122
C.psychrerythrea AAZ26268
C.salexigens ZP_00473478
C.sativus BAB91322
C.violaceum NP_903151
C.watsonii ZP_00514659
Chlamydomonas AAC37438
D.acetoxidans ZP_00549900
D.hansenii CAG84307
D.melanogaster (6-4) Phr NP_724274
D.melanogaster Cry AAK92938
D.melanogaster Phr BAA05042
D.plexippus Cry1 AAX58599
D.rerio (6-4) Phr NP_571863
D.rerio Cry1a NP_571864
D.rerio Cry1b BAA96847
D.rerio Cry2a NP_571866
D.rerio Cry2b NP_571867
D.rerio Cry3 BAA96850
D.rerio Cry4 NP_571862
D.rerio DASH NP_991249
D.salina (6-4) AAX56342
E.carotovora CAG74259
E.coli Phr BAA35367
E.faecalis AAO81383
E.litoralis ABC63501
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Gene/Organism Name Accession #
F.oxysporum AAP30741
F.tularensis YP_169849
F.virus NP_039121
G.gallus Cry4 XP_419231
G.gallus Cry1 NP_989576
G.gallus Cry2 NP_989575
G.oxydans AAW60748
G.violaceous BAC88776
G.violaceus Q7NJT3
G.violaceus Q7NMD1
G.violaceus Q7NMI2
G.zeae XP_380973
G.zeae (6-4) XP_386941
H.lixii (T.harzianum) CAA08916  
H.marismortui YP_135520
H.salinarum Phr AAG19671
H.sapiens Cry1 NP_004066
H.sapiens Cry2 NP_066940
I.loihiensis Cry AAV82228
Jannaschia ZP_00555485
K.lactis XP_453092
K.radiotolerans EAM74689
L.esculentum Cry1 AAF72557
L.esculentum Cry2 AAF72555
L.esculentum DASH ABB01166
L.innocua CAC95829
L.major CAJ06003
L.mesenteroides ZP_00064128
L.monocytogenes NP_464116
L.pneomophila AAU26319
L.xyli sp. xyli AAT88832
M.aquaeolei ZP_00819133
M.avium NP_962015
M.burtonii ZP_00563669
M.degradans ZP_00314936
M.domestica NP_001028149
M.fascicularis Cry1 BAB72089
M.flagellatus ZP_00566430
M.grisea (MG06836.4)
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Gene/Organism Name Accession #
M.grisea (6-4) (MG02071.4)
M.loti BAB53733
M.musculus Cry1 AAH85499
M.musculus Cry2 Q9R194
M.smegmatis AAF04135
Magnetococcus.Sp.MC-1 EAN29992 
M.acetivorans AAM07414
N.aromaticivorans ABD26199
N.crassa CryDASH CAE76612
N.crassa Phr CAA41549
N.pharaonis YP_330750
N.punctiforme ZP_00106383
N.sylvestris Cry1 ABB36796
N.sylvestris Cry2 ABB36797
O.latipes Phr BAA05043
O.minor Cry1 AAR08429
O.sativa Cry1a XP_466372
O.sativa Cry2 CAD35495
O.tauri (6-4) AAU14280
P.aeruginosa Q9HVD2
P.aestuarii ZP_00592239
P.arcticus AAZ18293
P.atlantica ZP_00773583
P.cryohaloentis ZP_00654598
P.fluorescens ABA76473
P.haloplanktis CAI89490
P.marinus Q7V310
P.patens Cry BAB70665
P.putida Q88PV9
P.sativum Cry1 AAS79663
P.sativum Cry2b AAO23972
P.syringae NP_790955
P.syringaeB728a YP_234055
P.tridactylus Q28811
P.troglodytes Cry1 XP_509339
ParachlamydiaSp.UWE25 CAF23396
R.baltica CAD77347
R.catesbeiana Cry AAP13561
R.eutropha AAZ60085
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Gene/Organism Name Accession #
R.ferrireducens ZP_00692359
R.gelatinosus ZP_00244738
R.metallidurans ZP_00593470
R.norvegicus Cry1 AAQ11980
R.norvegicus Cry2 NP_596896
R.palustris CAE28620
R.rubrum ABC23700
R.sphaeroides ABA78296
S. enterica CAD05171
S.alba Cry CAA50898
S.amazonesis ZP_00586280
S.baltica ZP_00581799
S.bicolor Cry2 AAN37909
S.borin Cry1 CAG14931
S.cerevisiae Phr NP_015031
S.crassipalpis Cry BAB85473
S.denitrificans EAN69010
S.flexneri Q83L75
S.frigidimarina ZP_00637310
S.griseus Phr CAA33161
S.oleracea AAP31407
S.oneidensis NP_718938
S.pomeroyi AAV95194
S.purpuratus (6-4) (akaCry5) XP_788938
S.purpuratus Cry1a XP_785873
S.putrefaciens ZP_00814119
S.pyogenes AAZ51854
S.solfatarius AAK42609
S.sonnei YP_309650
Synechococcus SpWH8102 DASH CAE08272
S.tokodaii BAB65903
S.typhi Q828E2
Siicibacter Sp.TM1040 ZP_00619910
Synechococcus Sp.WH8102 CAE06734
Synechocystis Sp.Pcc6803 DASH 1NP7_B
T.brucei XP_823319
T.elongatus BAC07977
T.erythaeum ZP_00674183
T.nigroviridis Cry1 CAF93038
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Gene/Organism Name Accession #
T.nigroviridis CAF92156
U.maydis XP_762226
U.maydis (6-4) XP_758291
Uncultured marine bacterium AAR38165
V.cholerae Cry1 AAF94962
V.cholerae Cry2 AAF94550
V.cholerae Phr AAF95971
V.fischeri AAW87823
V.parahaemolyticus BAC62814
V.vulnificus BAC96383
W.succinogenes CAE10587
Wigglesworthia BAC24328
X.axonopodis AAM36348
X.campestris AAM40732
X.laevis Cry1 AAK94665
X.laevis Cry2b AAK94667
X.laevis DASH BAD08601
X.oryzae BAE68170
Y.pestis Q82D93
Y.pseduotubercolosis CAH22151
Z.mobilis AAV90074
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Appendix 3. Genetic and Structural Analysis of V. cholerae 
Photolyase/Cryptochrome Family Members 
 
1. Aims 
Identify photolyase and cryptochrome regulated genes in Vibrio cholerae and 
investigate the structure of the DASH protein, V. cholerae Cry1.  
 
2. Results and Discussion 
2.1 Microarray, Northern, and Reporter gene assay analyses 
Prokaryotic signaling is predominately done through a system of sensors 
which detect environmental stimuli, become phosphorylated, resulting in the 
phosphoylation of a response regulator, which then activates target genes. Our goal 
was to identify if V. cholerae Phr, Cry1, and VcCry2 were involved in light-dependent 
and/or light-independent gene regulation by RNA expression profiling using 
microarray analysis of the wild type and V. cholerae  Phr-, Cry1-, Cry2-, and Cry1-
cry2- mutant strains. Gene expression profiling, using microarray slides which cover 
the entire Vibrio cholerae El or O1 genome, were made by a consortium of V. 
cholerae researchers, including Dr. Fıtnat Yıldız (UC Santa Cruz) (Yildiz et al. 2004). 
 Significant genes were also identified using the SAM method with the 
following criteria: ≥ 1.3 fold transcript abundance difference between the 
experimental and reference samples and a ≤ 1% false-positive discovery rate 
(Tusher et al. 2001). Appendix 4 shows the different comparisons of this data. 
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 Using this microarray data it allowed the selection of a subset of genes which 
exhibited large changes in the microarray analysis and contained relatively abundant 
transcripts. Five identified genes appeared to be Cry1-dependent, light-independent 
expression. Figure A3.1 shows the close agreement between the microarray and 
the Northern blot results. Two identified genes appeared to be Phr-dependent, light-
independent expression and Figure A3.2 shows the close agreement between the 
microarray and the Northern blot results. We complemented the Phr- cell line with 
MBP-VcPhr (Figure A3.3A) and with Flag-VcPhr (Figure A3.3B), however, it did not 
effect transcript levels. Photoreactivation assays were performed with both of the 
complemented cell lines and both cell lines photoreactivated to the levels of wild 
type (data not shown). 
Confirmation of the regulation of genes identified by microarray and Northern 
blot analysis was attempted using the β-galactosidase reporter gene assay.  
Reporter gene constructs were constructed with the upstream promoter regions of 
differential expressed genes identified by microarray analysis to review the role of 
Phr, Cry1, and Cry2 in their expression. Unfortunately, the expression level of the 
genes was not enough to be analyzed in this assay, or no significant difference was 
seen between wild type and mutant strains. Figure A3.4 is a representative example 
of the β-galactosidase assay results. 
Mutant cell lines were unable to be complemented and restored to transcript 
levels equivalent to wild type amounts. Southern blot analysis was conducted to 
investigate if either the antibiotic cassette used for gene disruption or the targeting 
vector inserted into erroneously locations in the mutant strain genomes. Figure 
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A3.5A shows a Southern blot probing the genomic DNA of WT and mutants for the 
targeting vector which contained the antibiotic resistance cassette, used for gene 
disruption, flanked on either side by short regions of the gene. These blots show 
multiple bands in both the Cry1- and Cry2- strains in addition to the gene specific 
band. A Southern blot analysis probing for just the original suicide vector, 
pGP704Sac28, was also conducted, (Figure A3.5B). It appears that the Cry1- and 
Cry2-strains do have insertions elsewhere in the genome from the targeting vector 
but that the Phr- strain does not. Resultant data does not explain why VcPhr cannot 
rescue differential gene expression in the Phr- strain. It does, however, bring to light 
concerns over the gene expression profile results. 
 
2.2 Crystallization of MBP-VcCry1 
Presently, there are only two solved cryptochrome structures with one being 
the plant Arabidopsis Cry1 and the other Synechocystis DASH, with both of these 
structures solved using molecular replacement .(Brautigam et al. 2004; Brudler et al. 
2003).  Our aim was to solve the structure of V. cholerae Cry1. 
Proteins fused to large-affinity tags can increase expression, solubility, 
improved folding, and ease purification. Large affinity tags, such as maltose-binding 
protein (MBP) have also been shown to improve crystallization of some proteins 
(Center et al. 1998; Ke and Wolberger 2003; Kobe et al. 1999; Liu et al. 2001; Smyth 
et al. 2003).  Center and colleagues could not obtain crystals until the flexible linker 
region joining the MBP tag with the protein of interest was replaced with three 
alanines. In the MBP-VcCry1 construct the linker region was deleted with alanines 
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and mutated three polar residues at the c-terminal of MBP to alanines described 
previously (Center et al. 1998). 
When MBP-VcCry1 is purified it runs as two closely spaced bands (Figure 
A3.6A) It was thought that the two protein bands might be the result of a c-terminal 
truncation. An n-terminal truncation was not suspected because the n-terminal MBP 
tag is used with both V. cholerae Phr and Cry2 and a doublet is not observed 
(Worthington et al. 2003). A c-terminal His6 tag was added by PCR to the MBP-
VcCry1Δlinker construct, pUNC2002Δlinker, and the protein was purified by affinity 
chromatography with both amylose resin and nickel resin. Unfortunately, MBP-
VcCry1 appears to stick nonspecifically to nickel resin and the full length protein was 
not able to be separated from the truncation product (Figure A3.6B). Purification of 
FLAG-VcCry1 was considered, but not pursued because it is cost prohibitive. 
Nonetheless, we proceeded with the crystal screens using MBP-VcCry1Δlinker. 
 Initial screens were done using the Hampton Research crystal screens I, II, 
Cryo, and PEG-ion. Conditions from the initial hits from these screens were used to 
design customs screens (Appendix 5, 6). Micro crystals obtained from the screens 
are pictured in Appendix 7. There were no crystals obtained large enough for 
diffraction. 
 
3. Material and Methods 
Bacterial Strains, Plasmids, and Media 
The V. cholerae 01 El Tor N16961 wild type, the Phr-, Cry1-, Cry2-, Cry1-Cry2- 
mutant strains (Worthington et al. 2003) and the ΔlacZ versions of these mutants 
117
were used in this study. The E. coli EC100D pir-116 (EPICENTRE) and the 
conjugative SM10 λ pir strain, and the plasmid pGP704sacB-28 and pCC2 
(pGP704sacB-28ΔlacZ) were used for generating null mutants of V. cholerae and 
has been described previously (Yildiz et al. 2001; Yildiz et al. 2004). The E. coli 
strain UNC523F’lacI6 (phr::kan uvrA::Tn10) was used as the host strain for 
expressing the V. cholerae photolyase/cryptochrome proteins (Malhotra et al. 1995). 
The expression vector pMal-c2 was purchased from New England Biolabs. The 
bacterial strains were grown in standard Luria-Bertani broth (LB) and maintained at -
80°C in LB supplemented with 15% (v/v) glycerol. When antibiotics were used they 
were included in culture media at the following concentrations: ampicillin, 100 μg/ml; 
chloramphenical, 5 μg/ml; kanamycin, 50 μg/ml; streptomycin, 100 μg/ml; and 
tetracycline, 0.5 μg/ml. 
 
Construction of Plasmids 
The cloning and construction of the V. cholerae photolyase and cryptochrome 
genes into expression and gene disruption vectors was described previously 
(Worthington et al. 2003).  The pMal-c2 derived pUNC2002 (MBP-VcCry1) construct 
with the medial linker region between MBP and VcCry1 replaced by three alanine 
residues and the mutation of MBP E359A, K362, and D363A was constructed as 
previously described (Center et al. 1998). This construct was named 
pUNC2002Δlinker. The lacZ fusion constructs of genes identified by the microarray 
analysis were constructed by amplifying and cloning the 200-500 bp fragments 
upstream promoter regions into a promoterless lacZ vector, pTL61T (Linn and St 
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Pierre 1990). These lacZ fusion vectors were electroporated into wild type and 
mutant strains of V. cholerae harboring the lacZ deletion. 
 
Protein Expression and Purification 
 Purification of MBP-VcCry1 was described previously (Worthington et al. 
2003). The MBP-VcCry1-His6 was purified as previously described for MBP fusion 
proteins and then purified using Ni2+-NTA affinity chromatography according to 
manufacturers protocol (QIAGEN). 
 
Creation of null mutants 
The generation of the phr-, cry1-, cry2-, cry1-cry2-, and phr-cry1- mutants was 
previously described (Worthington et al. 2003). The V. cholerae photolyase 
homologues were disrupted by inserting a kanamycinR cassette into Vcphr, a 
chloramphenicolR cassette into Vccry1, and a tetracyclineR cassette into Vccry2. The 
ΔlacZ strains were generated in a method and is described as follows: The E. coli 
SM10 λ pir was transformed with pCC2 and then mated (conjugated) with the 
individual V. cholerae strains. Transconjugants were selected on LB agar medium 
with streptomycin and ampicillin. Then individual colonies are selected and streaked 
on LB agar plates with ampicillin and 10% (wt/vol) sucrose without NaCl and 
ampicillin alone to test for sucrose sensitivity and ampicillin resistance. Culture 
plates were incubated at room temperature overnight. Colonies that are both 
ampicillin-resistant and sucrose sensitive are inoculated into 5ml of LB and 
incubated at 37oC with shaking for 6 hours. A loop of the culture is then streaked on 
119
LB agar plate containing 10% (w/vol) sucrose without NaCl and incubated at room 
temperature for two days. Deletion mutants growing on the sucrose media were 
selected and streaked to obtain single colonies on LB agar. PCR was used to verify 
the deletion. 
 
β-Galactosidase Assays 
 β-Galactosidase activity was determined using a protocol similar to the one 
described by Miller (Miller 1972). Briefly, overnight cultures of V. cholerae strains 
were diluted 200-fold and inoculated into fresh LB and grown to exponential phase 
and 1.5 ml of culture was removed and incubated on ice for 20 min. The OD600 of 
each sample was measured. Addition 0.1 -0.5 ml of each sample was added to 0.5 
ml of Z buffer up to 1 ml.  Then 1 drop of 0.1% SDS and 4 drops of chloroform were 
added and the samples were vortex for 20 sec and incubated at 28°C for 5 min.  The 
reaction was started by adding 0.2 ml of ONPG (4 mg/ml) to each tube and briefly 
mixing. The time of addition of ONPG was recorded. The reaction was stopped after 
the solution was a light yellow color by adding 0.5 ml of 1 M Na2CO3.  The time of 
addition of Na2CO3 was recorded and then the OD420 and OD550 were recorded. The 
Miller units were calculated by: Miller units= 1000 * (OD420 - 1.75 * OD550)/ (t * v * 
OD600), where t is the reaction in minutes and v is the volume of culture used in the 
assay in ml. Z buffer components: Na2HPO4.7H2O (0.06M), NaH2PO4.H2O (0.04M), 
KCl (0.01M), MgSO4 (0.001M), β -mercaptoethanol (BME) (0.05M), pH 7.0. 
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RNA Isolation 
 Overnight cells were inoculated into 50 ml of phosphate buffered saline (PBS) 
in a 175 cm2 vented flask and grown to OD600 0.4-0.5 shaking at 37oC. The culture is 
then split into two flasks, one is wrapped in foil, both are covered with two pieces of 
glass and then exposed to 30 minutes of blue-light while slowly shaking at 37oC. The 
cultures are quickly separated into 1.5 ml Eppendorf tubes and spun at 12K for two 
minutes. The supernatants are removed and then 1 ml of TRIzol (Invitrogen) is 
added to the cell pellet and the pellet is resuspended by pipetting. 200 µl chloroform 
is added, the samples are shaken vigorously by hand for 15 seconds followed by RT 
incubation for 2-3 minutes. Samples are then centrifuged at 12K at 4oC. The 
aqueous layer is removed to a new tube and an equal volume of 70% ethanol to 
each sample and then passed over an RNeasy column and the RNeasy Mini kit 
(Qiagen) protocol was followed for purification and on column DNase treatment. 
RNA purity was verified on 1·2 % (w/v) agarose gel following the protocol of the 
RNeasy Mini kit (Qiagen). 
 
cDNA Synthesis, Microarray Hybridization and data analysis 
 For whole genome comparisons of exponentially grown cultures and common 
reference was prepared from an equal mixture of RNA from dark and light wild type 
samples. Equal amounts of RNA from both the test samples and reference samples 
were labeled with Cy3 and Cy5 by indirect incorporation using aminoally-dUTP. 
cDNA is made using random hexamers in a reverse transcription reaction using 
Superscript III (Invitrogen) as per manufacturers protocol. The RNA was hydrolyzed 
121
and then the reaction were cleaned up by passing over a Qiagen QIAquick column, 
washed, eluted, and dried. The aminoallyl-labeled cDNA was resuspended in 50mM 
Na-bicarbonate, pH 9.0 and the appropriate Cy dye is added and incubated for 1 
hour in the dark at room temperature. The uncoupled dye is removed by passing 
reactions over a Qiagen quick spin column and then eluted. A test sample and a 
reference sample are mixed and dried. The reaction mixtures were hybridized to the 
array surface and allowed to hybridize the oligomers representing the PCR 
fragments representing the ORFs of the V. cholerae O1 El Tor genome at 65oC 
overnight. After hybridization, the arrays were washed, dried, and then scanned 
using an Axon scanner to measure the fluorescence intensity of each dye in each 
ORF-specific spot. The fluorescence intensity values were analyzed using GenePix 
5.0 and the normalized signal intensities and signal ratio of the test and reference 
samples were determined. To identify of significantly regulated genes the data was 
analyzed with the Significance Analysis of Microarrays (SAM) method (Tusher et al. 
2001). To identify genes with similar expression values these data was analyzed by 
the hierarchal clustering method. The RNA from the different V. cholerae wild type 
and mutants, phr-, cry1-, cry2-, cry1-cry2-, and phr-cry1- of either light or dark 
conditions were used in this analysis. Biological variation was sampled by 
performing three separate experiments for each strain and condition (dark or light), 
and technical replicates were sampled by having each oligomer printed twice on 
each microarray slide. 
 
Northern and Southern Blot Analysis 
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Radiolabelled probes for Southern and Northern blot analysis were made with 
the Megaprime DNA labeling system (Amersham Biosciences) according to the 
manufacturer’s protocol. Northern probes templates were the PCR amplified 
upstream promoter regions of specific genes and the Southern probes were the 
suicide vectors pGP704sacB-28, pGP704sacB-28/phr, pGP704sacB-28/cry1, and 
pGP704sacB-28/cry2 (Worthington et al. 2003). For Northern blots, between 10-20 
µg total RNA was electrophoresed denaturing agarose gels, and the gels were 
capillary transferred overnight to Hybond-N nylon membranes. For Southern blots, 
genomic DNA was electrophoresed on agarose gels and transferred overnight to a 
Hybond-N nylon membrane by capillary action. The nucleic acids were cross-linked 
to the membrane by UV irradiation using a UV Stratalinker. Blots were hybridized 
with the radiolabelled probes in Rapid Hyb according to manufacturer’s suggestions 
at 65°C for 2 h and then washed twice with double-strength SSC, 0.1% SDS at room 
temperature, and twice with 0.5 strength SSC 0.1% SDS at 55°. 
Crystal Screens 
 Crystallization conditions were screened at 4oC and in limited cases at 15oC 
using the hanging drop-vapor diffusion technique (McPherson 1982). The initial 
screens used the commercially available Hampton Research sparse matrix crystal 
screens I, II, Cryo, and PEG-ion. Four incomplete factorial screens were designed (1 
continuous,3x3x3-10 experiments) using the four organic precipitants: 1,6-
hexanediol, MPD (methylpentanediol), PEG3350, and PEG6000 (Appendix 5). Also 
designed was a Hardin-Sloane 120 condition (3 continuous, 7x2x2) with seven 
inorganic precipitants (Appendix 6). After two weeks the 120 condition screen was 
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seeded with crystals obtained from the Hampton screens. Appendix 7 shows 
representative examples of crystal obtained. 
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Figure A3.1. Agreement between microarray and Northern blot results from 
Cry1- strain. A, Fold increase or decrease in expression of five genes identified in 
the microarray analysis and tested  in the Northern blot. B,  Northern blots of the 
genes listed in A.
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B
Figure A3.2. Agreement between microarray and Northern blot results from 
Phr- strain. A, Fold increase or decrease in expression of two genes identified in 
the microarray analysis and tested  in the Northern blot. B,  Northern blots of the 
genes listed in A.
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Figure A3.3. Northern blot results from Phr- strains complemented with MBP-
Phr and FLAG-Phr. A, Northern blots of the of V. cholerae WT and Phr- comple-
mented with MBP-Phr. B,  Northern blots of the of V. cholerae WT and Phr- comple-
mented with FLAG-Phr.
RstB2 (vc1462) RstC (vc1452)
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Figure A3.4. β -galactosidase activity assays of differentially expressed genes 
in V. cholerae wild type and mutant cell lines. Indicated genes were cloned into 
the expression vector pTL61T, and the plasmids were introduced into either V. chol-
erae WTlacZ or Phr-Cry1-lacZ (Phr-C1-). A, HutA gene fusion construct trans-
formed into WTlacZ or Phr-Cry1-lacZ (Phr-C1-). B, Indicated gene fusion con-
structs transformed into WTlacZ or Phr-Cry1-lacZ (Phr-C1-). Error bars repre-
sent three independent experiments.
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Figure A3.5. Southern blot of genomic DNA probing for targeting vectors. A, 
Southern blot of V. cholerae wild type and mutant strain genomic DNA probed with 
the pGP704Sac28 targeting vectors which contained the resistance cassette 
flanked by 200-300 bp region of the specified gene on either side. B, Southern blot 
of V. cholerae wild type and mutant strain genomic DNA probed with the 
pGP704Sac28 targeting vector only.
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Figure A3.6.  Purification of V. cholerae  VcCry1. A, Overproduction and purifica-
tion of MBP-VcCry1linker  analyzed by SDS-PAGE (10% polyacrylamde) and 
Coomassie blue staining.  Lanes 1-3,  uninduced culture, linduced cells, MBP-
VcCry1 purified through amylose resin. B, Overproduction and purification of MBP-
VcCry1linker-His6  analyzed by SDS-PAGE (10% polyacrylamde) and Coo-
massie blue staining.  Lanes 1-3,  uninduced culture, linduced cells, MBP-VcCry1 
purified through amylose resin and charged nickel resin. 
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Gene ID Fold Change Gene ID Fold Change
VCA0055 2.27601 VC0426 0.23091
VC1121 1.87274 VCA1008 0.05581
VCA0890 1.40779 VCA1006 0.00919
VCA0959 1.70986 VC0139 0.08082
VC2316 1.64719 VC1559 0.14030
VC2644 1.68275 VCA0998 0.06711
VC2508 1.84964 VCA1005 0.36327
VC1262 1.28552 VC2637 0.15448
VC1164 1.31841 VC2638 0.28525
VCA0547 1.61437 VCA0789 0.66442
VC0472 1.67655 VC1318 0.62224
VC2160 1.78475 VCA0867 0.73536
VC0436 1.43695 VC0166 0.42825
VCA0989 1.36179 VC1560 0.36977
VC0156 1.64336 VC1158 0.71906
VCA0820 1.66083 VC1866 0.64059
VCA1089 0.56589
WT (light) vs WT (dark) WT (light) vs WT (dark)
Gene ID Fold Change Gene ID Fold Change Gene ID Fold Change
VCA0057 12.70081 VCA0261 2.09764 VC1121 2.02614
VC1510 2.68376 VC1231 1.52208 VCA0055 2.62553
VC1512 2.66401 VCA0057 35.97183 Gene ID Fold Change
VC1706 2.00505 VC0696 1.41553 VCA1008 0.02285
VCA0260 2.03408 VC1652 1.34311 VCA1006 0.00833
VCA0262 1.62646 Gene ID Fold Change VC1559 0.15761
VC2508 2.28663 VC1452 0.21791 VCA1005 0.20739
Gene ID Fold Change VC1572 0.63276 VC0139 0.06439
VC1462 0.22905 VC1462 0.27816 VCA0998 0.03665
VC1453 0.31816 VCA0910 0.45465 VC1812 0.29713
VC1452 0.16750 VC0774 0.38878 VC0426 0.17608
VC1454 0.25093 VCA0227 0.54550 VCA0999 0.31623
VCA0976 0.28404 VC1548 0.55735 VC2637 0.14721
VCA0908 0.32834 VC1453 0.40883 VC2638 0.18287
VCA0576 0.22468 VC1454 0.28915 VCA1004 0.40805
VCA0912 0.38809 VC0777 0.58331 VC2302 0.50225
VCA0911 0.33058 VC2694 0.61627 VC1392 0.38385
VCA0913 0.41212 VCA0908 0.39578 VC0138 0.05530
VCA0014 0.56516 VCA0912 0.47708 VC2303 0.46729
VC0284 0.47882 VCA0913 0.51695 VC1118 0.56146
VC1113 0.55981 VCA0976 0.51977 VCA1007 0.39763
VC1463 0.49337 VCA0063 0.59179 VCA0789 0.59275
VCA0907 0.33249 VC0878 0.59032 VC0166 0.19586
VC0777 0.39628 VC0776 0.61896 VC1146 0.58375
VCA0909 0.51095 VC1573 0.45580 VC0878 0.14303
VC0774 0.33531 VCA0911 0.43251 VCA0808 0.57675
VC1590 0.35823 VCA0977 0.51599
VCA0577 0.24840 VCA0915 0.53712
Phr- (dark) vs WT (dark) Phr- (light) vs WT (light) Phr- (light) vs Phr- (dark)
Appendix 4. A Complete List of Differentially Regulated Genes in V. 
cholerae Strains: Comparisons of SAM Data. 
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VCA0063 0.61228 VCA0909 0.62016
VCA0914 0.38582 VC1812 0.50770
VC0775 0.33607 VCA0914 0.60463
VC1412 0.56379 VC1122 0.72538
VC1451_1 0.64873 VCA0907 0.41980
VCA0231 0.37890 VCA0014 0.60750
VCA0910 0.43712 VCA0231 0.60790
VC1688 0.40064 VC0364 0.68306
VCA0977 0.40342 VCA0576 0.41015
VC1265 0.54246 VC1415 0.76605
VC1046 0.62531 VC1392 0.67464
VCA0915 0.38071 VC1544 0.71336
VC2423 0.61523 VC0074 0.65026
VC0771 0.54917
VC1543 0.50637
VCA0228 0.68180
VCA0683 0.63718
VCA0096 0.54366
VCA0229 0.67798
VC1547 0.50494
Gene ID Fold Change Gene ID Fold Change Gene ID Fold Change
VC1815 8.36661 VCA0219 9.32203 VC1119 2.79031
VCA0219 5.54848 VC1815 9.24817 VC1122 3.11977
VCA1069 2.35087 VCA0109 2.94779 VC0977 2.62248
VCA0811 4.67244 VC1262 3.58228 VC1124 2.51678
VC1262 5.34697 VCA0811 6.26626 VC1121 3.25902
VCA0148_1 5.19650 VCA0148_2 13.64549 VC1392 2.65406
VCA0020 2.73788 VC1814 6.39191 VC1125 2.26361
VCA0112 1.80372 VC1585 3.28502 VCA0055 2.08578
VCA0109 2.74638 VC2749 3.27983 VC2160 2.05611
VCA0108 1.76264 VCA0148_1 4.70609 VC1812 2.15542
VCA0220 2.10093 VCA0107 2.06778 VC1263 1.86069
VCA0114 1.72884 VCA1069 2.14368 VC2541 1.80481
VCA0110 1.94454 VCA0220 2.58473 VC0665 1.59197
VCA0218 5.73558 VC0194 3.11942 VCA0809 1.95655
VC1419 1.91894 VC1935 5.63946 VC1118 1.56695
VC1935 3.50945 VC1318 2.01110 VCA0820 1.62522
VCA0916 1.76353 VC1859 1.81553 Gene ID Fold Change
VCA0971 1.81251 VC1583 2.14427 VCA1006 0.00999
VC2749 2.55027 VCA0108 2.53000 VCA0998 0.15945
VC1530 1.71024 VC1952 5.53528 VCA1008 0.03957
VCA0148_2 14.61101 VC2011 1.87610 VCA1005 0.27488
VC0695 1.72131 VC0977 1.95225 VC1559 0.27889
VC0998 1.33546 VCA0623 1.99150 VC0426 0.30705
VC1606 2.00196 VC1414 2.41810 VC2637 0.24040
VCA0120 1.39490 VC1320 1.68122 VC0139 0.19263
VCA0917 1.78809 VC1094 2.07209 VCA0999 0.51057
Phr- (dark) vs WT (dark) Phr- (light) vs WT (light)
Cry1- (dark) vs WT (dark) Cry1- (light) vs WT (light) Cry1- (light) vs Cry1- (dark)
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VC1510 1.93422 VCA0110 2.30778
VC0816 1.70692 VCA0916 1.74862
VCA0107 1.62637 VC1418 2.20300
VC1814 6.69934 VCA0020 2.97074
VCA0071 1.43269 VC2142 2.08463
VCA0918 1.74948 VCA0112 2.42967
VC1717 1.62934 VC1905 4.55331
VC1952 8.18364 VCA0021 1.72231
VC0994 1.39446 VC0695 1.72194
VCA0223 2.26967 VC0696 1.89036
VC2643 2.41721 VC2279 1.76415
VC2142 2.15710 VC1026 1.83414
VC1715 1.86563 VC1050 1.80896
VC0173 2.20712 VCA0088 1.76534
VCA0021 1.59748 VCA0918 1.74686
VCA0989 1.49690 VC0171 3.01680
VCA0036 1.90678 VC0665 1.62353
VC1319 2.03110 VC1296 1.43221
VCA0549 1.46749 VCA0116 2.74157
VC1783 1.55910 VC1449 1.50933
VC0857 1.61883 VC1584 2.06770
VC1418 2.47175 VC1095 1.90405
VC0718 1.48975 VC2750 1.62418
VC0796 1.46774 VC1028 1.84032
VCA0846 1.36223 VCA0124 1.62553
VC1420 1.88171 VC1454 2.64846
VC0172 2.09778 VC0468 1.59696
VC1320 1.75067 VC1427 1.49902
VC0941 1.65576 VC1451_3 1.50696
VCA1050 1.66254 VC2298 1.46987
VC2140 1.50226 VCA0114 2.17634
VCA0116 1.62781 VCA0585 1.68233
VCA0972 1.41525 VCA0695 1.47091
VC1655 1.86202 VC0711 1.89653
VC0170 1.94526 VC1451_2 1.64825
VC2504 1.54279 VC1782 3.85246
VC2141 1.71095 VC1392 1.68449
VC2298 1.39561 VC1092 2.30754
VC1450 1.42070 VC1560 1.77476
VCA0926 1.35804 VC0975 1.67876
VC2624 1.36314 VC2490 1.63172
VC2378 1.52477 VC1606 1.57446
VCA0048 1.39421 VC1492_1 1.61926
VC2316 2.40543 VC1783 1.62127
VC0963 1.46389 VC1947 1.85266
VC1585 2.04353 VCA0218 8.00926
VCA0766 1.34975 VC1256 1.49283
VC1583 1.75565 VC2089 1.42477
VCA0968 1.52839 VC0282 1.57442
VC2296 1.91352 VC2153 1.41620
VC0804 1.36913 VCA0217 3.74886
Cry1- (dark) vs WT (dark) Cry1- (light) vs WT (light)
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VC0895 1.73375 VC1093 2.07106
VCA0124 1.38138 VCA0875 1.79390
VC1578 1.51402 VC0857 1.42684
VC1094 1.76604 VC0067 1.61840
VC0194 2.27242 VCA0759 2.11450
VCA0121 1.63411 VC0271 1.77145
VC2645 1.84359 VC1183 4.85827
VC2598 1.84280 VC0941 1.50148
VCA0884 1.38739 VC1184 3.93691
VCA0019 1.41929 VC0469 1.49351
VC2390 2.03924 VC1119 1.47267
VCA0746 1.44282 VC1024 1.51537
VCA0072 1.32980 VCA0607 1.91236
VC2066 1.31479 VC2296 1.80452
VCA0151 1.55536 VCA0096 1.64965
VC1458 1.31078 VCA0917 1.92313
VC0893 1.30356 VCA0036 1.90981
VC1711 1.61019 VC1558 1.43678
VC1905 3.80865 VC1129 1.43335
VC1318 1.87606 VC1715 1.62288
VC2094 1.56228 VC0062 1.63512
VC0892 1.33228 VC0172 2.24412
VC1596 1.73219 VC1936 1.74373
VC1938 1.63721 VC1361 1.47675
VC0860 1.38218 VCA0549 1.59668
VCA0105 1.39966 VC0170 2.22188
VCA0696 2.31546 VC1920 1.45930
VCA0759 1.76751 VC2733 1.42255
VCA0246 1.34346 VC0987 1.43477
VC2750 1.60629 VC1117 1.41475
VC1289 1.35936 VC1091 1.69246
VC1937 2.03916 VC0963 1.47047
Gene ID Fold Change VCA0625 1.97754
VCA0697 0.12814 VC2091 1.34186
VC1620_1 0.31478 VC2088 1.50832
VC1622 0.50936 VC2675 1.92390
VCA0908 0.21449 VC1937 2.99790
VCA0231 0.22020 VC1907 1.43680
VC0284 0.39865 VC2492 1.58712
VCA0907 0.21510 VCA0772 3.77453
VCA0910 0.29886 VC1168 1.62337
VC1620_3 0.44891 VC2674 2.05862
VC1590 0.27766 VC1644 2.83200
VC1367 0.41702 VC1578 1.55097
VC0365 0.45634 VC2624 1.48463
VC1589 0.28905 VC1122 1.45377
VC2694 0.20141 VCA0630 1.55848
VCA0909 0.52448 VC1461 1.79626
VCA0576 0.15486 VC1812 1.65112
VC0774 0.28545 VCA0095 3.42761
Cry1- (light) vs WT (light)Cry1- (dark) vs WT (dark)
134
VCA0230 0.66168 VCA0971 1.93141
VC0364 0.42682 VCA1050 1.42797
VC1119 0.60446 VC1027 1.63338
VC2541 0.62990 VC0900 1.53711
VC0426 0.58836 VC1579 1.58858
VC2544 0.63607 VCA0105 1.50526
VCA1041 0.49993 VCA0122 1.39484
VC0091 0.40685 VCA0019 4.84402
VCA0498 0.69239 VC0985 1.71714
VCA0911 0.33423 VC2501 1.32768
VC1547 0.38927 VC1450 1.45681
VC1266 0.53299 VC1608 1.41516
VCA0683 0.73555 VCA0121 1.87288
VCA0915 0.30792 VC1319 1.66244
VCA0749 0.71641 VC0612 1.47776
VC1874 0.23385 VC0064 1.50101
VC0728 0.69864 VC1717 1.34698
VC2008 0.65958 VC1792 1.54681
VC2077 0.65718 VC0863 2.43408
VCA0698 0.36945 VCA0041 1.84944
VC1812 0.55429 VC2297 1.46631
VC1620_2 0.43436 VC0718 1.51701
VCA0227 0.52191 VCA0076 3.14456
VC2210 0.41265 VC1059 1.43303
VC0775 0.30013 VC1123 1.75150
VC1080 0.50689 VC2333 1.42978
VCA0298 0.63762 VC2062 1.38266
VC2543 0.58507 VC2483 1.62384
VC1544 0.48525 VC2502 1.39304
VC0777 0.39103 VC2338 1.67924
VC1591 0.31199 VC2087 1.51661
VC0871 0.63145 VCA0760 1.88645
VCA0912 0.42513 VCA0758 1.75195
VC1248 0.51491 VCA0735 1.41218
VC1034 0.53344 VC1798 1.44292
VC1048 0.59108 VCA1072 1.63838
VC1822 0.68461 VC0856 1.48750
VCA0704 0.75552 VC2064 1.34254
VC1645 0.67050 VC2114 1.43157
VC1412 0.51026 VCA0927 1.73522
VC0488 0.46619 VC0030 2.82055
VC1265 0.54494 VC1504 1.44287
VCA0977 0.38164 Gene ID Fold Change
VCA0860 0.63340 VC1620_1 0.31275
VC1548 0.41454 VC1367 0.30711
VC0200 0.59261 VCA0908 0.26600
VCA0328 0.71092 VC0774 0.34623
VC1866 0.55337 VC1620_2 0.32814
VC0492 0.67324 VCA0915 0.38142
VC1546 0.53606 VCA0697 0.13792
Cry1- (dark) vs WT (dark) Cry1- (light) vs WT (light)
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VC1392 0.54973 VCA0910 0.33933
VC1872 0.32251 VCA0909 0.38247
VC1118 0.74046 VCA0912 0.38816
VC1543 0.46615 VC2694 0.41768
VC1009 0.47718 VCA0576 0.21349
VC1621 0.58538 VC1620_3 0.40701
VC1545 0.48365 VCA0913 0.43352
VC1267 0.55088 VCA0907 0.27003
VCA0976 0.37604 VC1599 0.37075
VC1599 0.47804 VC0364 0.42711
VCA1087 0.52956 VCA0911 0.33393
VCA1096 0.69396 VCA0698 0.29685
VC0943 0.66876 VCA0977 0.37804
VCA0377 0.72362 VC1548 0.53287
VC1688 0.41728 VC0776 0.56397
VCA0536 0.67208 VC1545 0.54513
VC1325 0.40897 VC0365 0.48152
VCA0184 0.58171 VCA0166 0.50718
VC1680 0.71806 VCA0976 0.46785
VCA0123 0.76049 VCA0231 0.43711
VCA0906 0.55524 VCA0935 0.53522
VC0409 0.61015 VCA0577 0.35902
VC0076 0.63095 VCA0519 0.57808
VC1014 0.74651 VC0991 0.59619
VC2302 0.62681 VCA1062 0.37034
VC1395 0.53336 VC0408 0.62313
VC2075 0.74861 VC2210 0.56444
VC2254 0.74191 VC1266 0.63671
VC2106 0.75723 VC1593 0.39536
VC0130 0.61188 VC1544 0.64485
VCA0913 0.51785 VC1543 0.52894
VC0491 0.66278 VC1621 0.52622
VCA0228 0.65907 VC1592 0.46327
VCA0374 0.67948 VCA0801 0.63148
VC0608 0.64140 VC0091 0.59311
VC1572 0.46928 VC0957 0.57596
VC0930 0.66204 VCA0536 0.60642
VC0731 0.76082 VCA0227 0.60883
VCA0551 0.67374 VCA1065 0.25271
VC1122 0.66009 VC0074 0.56687
VC0872 0.68504 VC0284 0.55624
VC0703 0.74162 VC1185 0.36129
VC1081 0.73141 VC0130 0.60646
VC2435 0.71992 VC1590 0.50483
VC1394 0.68483 VC1572 0.69135
VCA0690 0.58040 VCA0892 0.65919
VC2104 0.75032 VC2387 0.66951
VC0957 0.60709 VC1033 0.61772
VC1429 0.74906 VCA0063 0.58831
VC0609 0.69130 VC0647 0.71393
Cry1- (dark) vs WT (dark) Cry1- (light) vs WT (light)
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VC0036 0.71221 VC2004 0.66226
VC1263 0.69861 VC1267 0.63242
VC1622 0.58802
VC0413 0.64863
VC2385 0.63081
VC0200 0.67814
VC1607 0.41890
VCA0230 0.69290
VC2536 0.59396
VC0005 0.68470
VC1193 0.58410
VCA0914 0.55621
VC1368 0.66893
VC2544 0.59331
VCA0849_2 0.70085
VC0811 0.63482
VC0872 0.67678
VC2326 0.67144
VC0411 0.57752
VC1688 0.64812
VCA0979 0.64117
VC1034 0.59891
VC1658 0.45723
VC0777 0.62757
VC0210 0.70867
VC1048 0.71422
VC0426 0.67503
VCA0933 0.34727
VC1190 0.73243
VC0043 0.73396
VC1547 0.64118
VC1919 0.66217
VC2710 0.72678
VC1080 0.59681
VC1546 0.68728
VC0679 0.68504
VC0182 0.51842
VC1589 0.50394
VC1816 0.73240
VC0780 0.63055
VC0185 0.68201
VC0582 0.62266
VCA0004 0.55030
VC0646 0.64463
VC1628 0.74554
VC0704 0.70160
VC1977 0.60396
VC1215 0.70366
VCA0523 0.70254
VC1248 0.71311
Cry1- (dark) vs WT (dark) Cry1- (light) vs WT (light)
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VCA0691 0.52802
VC1943 0.74545
VC0012 0.68159
VC0378 0.70763
VC2006 0.69452
VC0586 0.69986
VCA0203 0.69479
VC1264 0.72614
VC0102 0.63165
VC1659 0.59643
VCA0228 0.70879
VC0103 0.76183
VC1742 0.63695
VC2534 0.76628
VC0052 0.68489
VC0754 0.74046
VC0492 0.65168
VC0036 0.71715
VC2738 0.75934
Gene ID Fold Change Gene ID Fold Change Gene ID Fold Change
VC1392 19.03896 VC1392 20.63158 VCA0055 3.07633
VC2508 2.08350 VC1369 1.52020 VC1121 2.41463
VC0448 1.63101 VC0977 1.70403 VC1125 1.92365
VC2318 1.47729 VC0804 1.42179 VC1122 1.96502
VC0895 1.54383 VC0711 1.49383 VC2160 2.03850
VC0543 1.40979 VC1393 1.45153 VC1119 2.04920
VC1655 1.77231 VC2737 1.41546 VC1124 1.84140
VC0641 1.35439 VC1100 1.31055 VC0977 2.04344
VCA0752 1.44844 VC2665 1.58210 VC0711 1.54832
VC1658 1.75949 VC0856 1.37157 VCA0809 1.54061
VC0290 1.42578 VC0855 1.52896 VC1123 1.62998
VC1357 1.36781 VC1753 1.36362 VCA0440 1.53521
VC1393 1.63527 VC1057 1.58496 VC0985 1.89726
VC1493 1.42062 VC2665 1.54958
Gene ID Fold Change VC0886 1.47761
VCA0232 0.40470 VC1117 1.39867
VC1414 0.68316 VCA0057 2.48644
VCA0233 0.36373 VC0973 1.40152
VC0606 0.22556 Gene ID Fold Change
VC1815 0.49650 VCA1006 0.01113
VC2746 0.73949 VCA1008 0.06907
VC1122 0.66188 VCA1005 0.28261
VC1119 0.61732 VC0426 0.28947
VC1905 0.66837 VCA0998 0.19800
VC2748 0.64812 VCA0999 0.45997
VCA0034 0.71646 VC0139 0.14152
VC1317 0.57604
Cry1- (light) vs WT (light)
Cry2- (dark) vs WT (dark) Cry2- (light) vs WT (light) Cry2- (light) vs Cry2- (dark)
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VC1559 0.22002
VC2637 0.19096
VC1319 0.68792
VC1320 0.61741
VC1318 0.55721
VCA0104 0.67620
VCA0789 0.68110
VC0166 0.64658
VC2638 0.51528
VC1422 0.68919
Gene ID Fold Change Gene ID Fold Change Gene ID Fold Change
VC1392 19.15323 VC1392 19.13990 VC1121 1.96758
VC1814 9.44980 VC1814 8.48459 VCA0055 3.81479
VC2199 1.64302 VC2200 1.78660 Gene ID Fold Change
VC0854 1.63884 VC1859 1.58944 VCA1006 0.00930
VC1262 2.52855 VC2198 1.63423 VCA0998 0.11373
VCA0148_2 3.59622 VC0018 1.52331 VCA1005 0.24542
VCA1069 1.51395 VC1952 2.91575 VCA1008 0.07279
VC1075 1.49141 VC0711 1.62240 VC1559 0.17017
VC0273 1.89858 VC1753 1.53023 VC0426 0.18995
VC0711 1.83198 VC0171 1.97454 VC0139 0.14241
VC1952 2.31285 VC2196 1.61906 VC2637 0.20719
VC0271 1.62830 VC1905 1.96216 VC1249 0.66835
VCA0752 1.59832 VCA0148_2 4.60244 VC0879 0.14777
VC0985 2.02442 VCA0036 1.61631 VCA0999 0.50605
VC0905 1.54817 VC1183 1.81721 VC1872 0.49658
VC0977 1.94220 VC2195 1.59646 VC1874 0.40652
VC2207 1.40198 VC0271 1.50269 VCA0446 0.58247
VC2473 1.50515 VCA0181 1.30434 VC0878 0.22502
VC1905 1.49266 VC1333 2.43486 VC0706 0.63104
VC0906 1.63289 VC1947 1.70659 VC1484 0.61631
VC0018 1.56171 VC0985 1.68754 VC1080 0.65123
VC2761 1.93797 Gene ID Fold Change VC0957 0.64712
VC0855 2.00424 VC1368 0.57486 VC0964 0.59976
Gene ID Fold Change VCA0637 0.68693 VC2638 0.52681
VC1054 0.65006 VC1454 0.51894 VC1912 0.72464
VC1132 0.69979 VC1620_2 0.65585 VC0007 0.65528
VC1454 0.54921 VC1452 0.55557 VC1531 0.69566
VC1977 0.58641 VCA1007 0.47108
VCA0233 0.42760 VCA1004 0.60491
VC0564 0.64833 VC1368 0.69890
VC1462 0.48827 VC1914 0.61189
VC2044 0.68800 VC1222 0.66301
VC0679 0.65793 VC0811 0.70217
VC0964 0.61717
VCA0697 0.65118
VCA0446 0.67200
VC2025 0.60689
Cry2- (light) vs Cry2- (dark)
Cry1-2- (dark) vs WT (dark) Cry1-2- (light) vs WT (light) Cry1-2- (light) vs Cry1-2- (dark)
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A
P E G 3350 (MW) 3350
[PEG3350] 68%
MgCl2 2.5 M
VcCry1 (mg/ml) 12
Experiment Buffer (µL) pH Org_ppt (µL) MgCl2 (µL) H2O (µL)
1 200 6.4 926.57 160 713.43
2 200 6.9 847.38 320 632.62
3 200 7.4 899.97 0 900.03
4 200 6.4 936.53 160 703.47
5 200 6.9 866.04 320 613.96
6 200 7.4 880.38 0 919.62
7 200 6.4 936.53 160 703.47
8 200 6.9 856.29 320 623.71
9 200 7.4 890.36 0 909.64
10 200 6.4 946.16 160 693.84
B
P E G 6000 (MW) 6000
[PEG6000] 45%
 MgCl2 2.5 M
VcCry1 (mg/ml) 12
Experiment Buffer (µL) pH Org_ppt (µL) MgCl2 (µL) H2O (µL)
1 200 6.4 1408.54 160 231.46
2 200 6.9 1288.94 320 191.06
3 200 7.4 1368.36 0 431.64
4 200 6.4 1423.58 160 216.42
5 200 6.9 1317.13 320 162.87
6 200 7.4 1338.78 0 461.22
7 200 6.4 1423.58 160 216.42
8 200 6.9 1302.40 320 177.60
9 200 7.4 1353.85 0 446.15
10 200 6.4 1438.13 160 201.87
Appendix 5. Crystal Screen - 10x4 Conditions
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C
1,6 Hexanediol (MW) 118.2
[1,6 Hexanediol] 80%
MgCl2 2.5 M
VcCry1 (mg/ml) 12
Experiment Buffer (µL) pH Org_ppt (µL) MgCl2 (µL) H2O (µL)
1 400 6.4 1517.41 320 1762.59185
2 400 6.9 1387.72 640 1572.27969
3 400 7.4 1473.84 0 2126.16015
4 400 6.4 1533.71 320 1746.28574
5 400 6.9 1418.29 640 1541.71415
6 400 7.4 1441.76 0 2158.23985
7 400 6.4 1533.71 320 1746.28574
8 400 6.9 1402.32 640 1557.68022
9 400 7.4 1458.10 0 2141.89845
10 400 6.4 1549.49 320 1730.51215
D
MP D (MW) 104
[MPD] 100%
MgCl2 2.5 M
VcCry1 (mg/ml) 12
Experiment Buffer (µL) pH Org_ppt (µL) MgCl2 (µL) H2O (µL)
1 200 6.4 629.77 160 1010.23
2 200 6.9 575.95 320 904.05
3 200 7.4 611.69 0 1188.31
4 200 6.4 636.54 160 1003.46
5 200 6.9 588.63 320 891.37
6 200 7.4 598.37 0 1201.63
7 200 6.4 636.54 160 1003.46
8 200 6.9 582.01 320 897.99
9 200 7.4 605.16 0 1194.84
10 200 6.4 643.08 160 996.92
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Appendix 6. Crystal Screen - 120 Condition 
EXPT pH Buffer (µL) Organic precipitant Org_ppt (µL) MgAc2 MgCl2 H2O (µL) VcCry1 (mg/ml)
1 6.4 400 PEG1500 1741.45 0 0 1858.55 3.0
2 6.4 400 PEG400 1295.72 0 0 2304.28 6.7
3 6.9 400 PEG2KMME 1524.17 0 0 2075.83 6.7
4 6.9 400 PEP5/4 1587.78 0 0 2012.22 4.5
5 6.9 400 PEE15/4 1584.63 0 0 2015.37 4.5
6 6.4 400 HD 1305.73 0 0 2294.27 4.5
7 6.9 400 PEG3350 1715.11 320 0 1564.89 4.4
8 6.9 400 PEG1500 1674.19 320 0 1605.81 4.4
9 6.9 400 PEG400 1207.14 320 0 2072.86 4.4
10 6.4 400 PEG2KMME 1414.75 320 0 1865.25 4.2
11 6.9 400 PEP5/4 1459.65 320 0 1820.35 3.0
12 6.4 400 PEE15/4 1576.07 320 0 1703.93 6.7
13 6.9 400 HD 1232.71 320 0 2047.29 4.3
14 7.4 400 PEG3350 1668.91 0 320 1611.09 3.0
15 6.9 400 PEG1500 1676.29 0 320 1603.71 4.5
16 6.9 400 PEG400 1188.83 0 320 2091.17 3.0
17 6.9 400 PEG2KMME 1476.86 0 320 1803.14 6.7
18 6.9 400 PEP5/4 1537.75 0 320 1742.25 4.5
19 7.4 400 PEE15/4 1508.91 0 320 1771.09 3.0
20 6.9 400 HD 1237.75 0 320 2042.25 4.5
21 7.4 400 PEG3350 1784.11 0 0 1815.89 3.0
22 7.4 400 PEG1500 1791.24 0 0 1808.76 4.6
23 6.9 400 PEG400 1262.12 0 0 2337.88 4.5
24 6.9 400 PEG2KMME 1428.25 0 0 2171.75 3.0
25 7.4 400 PEP5/4 1603.92 0 0 1996.08 4.4
26 6.9 400 PEE15/4 1561.00 0 0 2039.00 3.0
27 6.9 400 HD 1291.89 0 0 2308.11 4.4
28 6.9 400 PEG3350 1814.17 0 0 1785.83 4.5
29 7.4 400 PEG1500 1747.97 0 0 1852.03 4.4
30 6.4 400 PEG400 1227.99 0 0 2372.01 3.0
31 6.4 400 PEG2KMME 1460.31 0 0 2139.69 3.0
32 6.4 400 PEP5/4 1664.74 0 0 1935.26 6.7
33 6.9 400 PEE15/4 1644.83 0 0 1955.17 6.7
34 6.4 400 HD 1277.25 0 0 2322.75 4.5
35 6.4 400 PEG3350 1667.26 320 0 1612.74 3.0
36 6.4 400 PEG1500 1703.21 320 0 1576.79 6.7
37 6.4 400 PEG400 1205.61 320 0 2074.39 4.4
38 6.9 400 PEG2KMME 1390.28 320 0 1889.72 4.5
39 7.4 400 PEP5/4 1504.42 320 0 1775.58 4.6
40 6.4 400 PEE15/4 1474.79 320 0 1805.21 3.0
41 7.4 400 HD 1243.34 320 0 2036.66 6.7
42 7.4 400 PEG3350 1783.11 0 320 1496.89 6.7
43 7.4 400 PEG1500 1722.93 0 320 1557.07 6.7
44 6.4 400 PEG400 1242.21 0 320 2037.79 6.7
45 7.4 400 PEG2KMME 1420.34 0 320 1859.66 4.5
46 6.9 400 PEP5/4 1579.91 0 320 1700.09 6.7
47 7.4 400 PEE15/4 1574.88 0 320 1705.12 6.7
48 7.4 400 HD 1285.66 0 320 1994.34 6.7
49 6.9 400 PEG3350 1812.63 0 0 1787.37 4.5
50 7.4 400 PEG1500 1797.14 0 0 1802.86 6.7
51 7.4 400 PEG400 1323.29 0 0 2276.71 6.7
52 7.4 400 PEG2KMME 1522.19 0 0 2077.81 6.7
53 7.4 400 PEP5/4 1630.05 0 0 1969.95 6.7
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EXPT pH Buffer (µL) Organic precipitant Org_ppt (µL) MgAc2 MgCl2 H2O (µL) VcCry1 (mg/ml)
54 6.9 400 PEE15/4 1561.00 0 0 2039.00 3.0
55 6.4 400 HD 1325.35 0 0 2274.65 6.7
56 6.4 400 PEG3350 1815.63 0 0 1784.37 4.6
57 7.4 400 PEG1500 1768.61 0 0 1831.39 4.5
58 7.4 400 PEG400 1227.99 0 0 2372.01 3.0
59 7.4 400 PEG2KMME 1428.25 0 0 2171.75 3.0
60 6.9 400 PEP5/4 1622.51 0 0 1977.49 4.5
61 6.9 400 PEE15/4 1618.38 0 0 1981.62 4.5
62 6.9 400 HD 1326.65 0 0 2273.35 6.7
63 6.9 400 PEG3350 1784.11 320 0 1495.89 6.7
64 6.9 400 PEG1500 1629.54 320 0 1650.46 3.0
65 6.9 400 PEG400 1160.27 320 0 2119.73 3.0
66 6.9 400 PEG2KMME 1404.09 320 0 1875.91 4.4
67 6.4 400 PEP5/4 1579.54 320 0 1700.46 6.7
68 7.4 400 PEE15/4 1474.25 320 0 1805.75 3.0
69 6.4 400 HD 1202.68 320 0 2077.32 3.0
70 6.4 400 PEG3350 1708.09 0 320 1571.91 3.0
71 6.9 400 PEG1500 1722.93 0 320 1557.07 6.7
72 6.9 400 PEG400 1222.27 0 320 2057.73 4.5
73 6.9 400 PEG2KMME 1421.63 0 320 1858.37 4.5
74 6.9 400 PEP5/4 1579.91 0 320 1700.09 6.7
75 7.4 400 PEE15/4 1593.93 0 320 1686.07 6.7
76 6.4 400 HD 1189.17 0 320 2090.83 3.0
77 6.9 400 PEG3350 1764.17 0 0 1835.83 3.0
78 6.4 400 PEG1500 1835.38 0 0 1764.62 6.7
79 6.9 400 PEG400 1255.56 0 0 2344.44 3.0
80 6.4 400 PEG2KMME 1507.02 0 0 2092.98 6.7
81 7.4 400 PEP5/4 1603.92 0 0 1996.08 4.4
82 7.4 400 PEE15/4 1541.47 0 0 2058.53 3.0
83 6.9 400 HD 1311.91 0 0 2288.09 6.7
84 6.9 400 PEG3350 1814.17 0 0 1785.83 4.5
85 6.8 400 PEG1500 1741.45 0 0 1858.55 3.0
86 6.9 400 PEG400 1310.52 0 0 2289.48 6.7
87 6.9 400 PEG2KMME 1524.17 0 0 2075.83 6.7
88 6.9 400 PEP5/4 1544.85 0 0 2055.15 3.0
89 6.4 400 PEE15/4 1619.57 0 0 1980.43 4.5
90 7.4 400 HD 1271.26 0 0 2328.74 3.0
91 7.4 400 PEG3350 1736.73 320 0 1543.27 4.5
92 6.4 400 PEG1500 1703.21 320 0 1576.79 6.7
93 6.9 400 PEG400 1218.78 320 0 2061.22 4.3
94 6.4 400 PEG2KMME 1402.25 320 0 1877.75 4.4
95 7.4 400 PEP5/4 1476.80 320 0 1803.20 3.0
96 7.4 400 PEE15/4 1515.16 320 0 1764.84 4.4
97 6.9 400 HD 1222.65 320 0 2057.35 4.4
98 6.9 400 PEG3350 1756.10 0 320 1523.90 4.5
99 6.4 400 PEG1500 1742.98 0 320 1537.02 6.7
100 7.4 400 PEG400 1202.06 0 320 2077.94 3.0
101 7.4 400 PEG2KMME 1406.17 0 320 1873.83 4.5
102 6.4 400 PEP5/4 1519.32 0 320 1760.68 4.4
103 7.4 400 PEE15/4 1490.60 0 320 1789.40 3.0
104 6.9 400 HD 1237.75 0 320 2042.25 4.5
105 7.4 400 PEG3350 1880.35 0 0 1719.65 6.7
106 6.4 400 PEG1500 1768.57 0 0 1831.43 4.5
107 6.4 400 PEG400 1275.09 0 0 2324.91 4.5
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EXPT pH Buffer (µL) Organic precipitant Org_ppt (µL) MgAc2 MgCl2 H2O (µL) VcCry1 (mg/ml)
108 6.9 400 PEG2KMME 1483.78 0 0 2116.22 4.5
109 7.4 400 PEP5/4 1664.74 0 0 1935.26 6.7
110 6.9 400 PEE15/4 1626.48 0 0 1973.52 6.7
111 6.4 400 HD 1290.96 0 0 2309.04 4.5
112 6.9 400 PEG3350 1814.17 0 0 1785.83 4.5
113 6.9 400 PEG1500 1770.75 0 0 1829.25 4.5
114 6.9 400 PEG400 1276.67 0 0 2323.33 4.5
115 7.4 400 PEG2KMME 1460.31 0 0 2139.69 3.0
116 6.4 400 PEP5/4 1544.85 0 0 2055.15 3.0
117 6.4 400 PEE15/4 1582.93 0 0 2017.07 4.4
118 6.4 400 HD 1257.86 0 0 2342.14 3.0
119 6.4 400 PEG3350 1648.70 320 0 1631.30 3.0
120 6.4 400 PEG1500 1741.45 320 0 1538.55 6.7
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Hampton Screen 1-#5
0.2 M NaCitrate
0.1 M HEPES, pH 7.5
30% v/v MPD
A
B
Hampton Screen I-#16 
0.2 M NaCitrate
0.1 M Tris, pH, pH 8.5
30% v/v PEG4000
Appendix 7. Crystals of MBP-VcCry1linker 
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Hampton Screen II - #40
0.1 M Tris, pH 8.5
25% t-butanol
200 µm 
41
.8
7 
µm
Hampton Screen II - #39
0.2 M MgCl2
0.1 M Tris pH 8.5
35% 3.4 M 1,6-hexanediol
C
D
146
EThese types of crystals were found in multiple 
wells in the 120 condition screen
F
50 mM imidazole HCl, pH 6.4
3mg/ml [VcCry1]
200 mM MgCl2
32% v/v PEG3350
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